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The present thesis comprises six chapters. In Chapter 1, the 
importance of the problem and justification for the study undertaken 
were emphasized. 
Chapter 2 is the review of literature. It deals with the relevant 
literature on the aspects of defoliation and nitrogen. The chapter has 
been divided in sections and sub-sections for better understanding of the 
results of other researchers in this field of study. 
Chapter 3 describes the details of the material used in the study 
and methodology adopted to determine various characteristics recorded 
in the three experiments. Relevant information on the experimental 
design, agro-climatic conditions, location of the study and 
environmental conditions during the data sampling times has been 
mentioned. 
Chapter 4 includes the results on crop responses to treatments in 
the three experiments. The results have been statistical analyzed and 
significance at P<0.05 was determined. The treatment means have been 
separated by the calculation of least significant difference. The results 
found significant have been given in this chapter. 
In Chapter 5, significant results have been discussed in the light 
of observations recorded and supported with the earlier findings, if 
available on the subject. Pdssible explanations of the data obtained have 
also been included to reach a conclusion. This chapter was followed by 
bibliography. 
In the following pages a brief account of the importance of the 
study undertaken, results obtained, conclusion and proposed future 
research are given. 
Importance of the study undertaken 
Mustard {Brassica juncea L. Czern & Coss.) is an important 
oilseed crop grown in the tropical and sub-tropical regions of the world. 
It is cultivated for human consumption as condiment and spices, as 
fodder and for seed. Brassica accounts for approximately 10% of the 
total world oilseed production and 15% of the total vegetable oil 
production (Downey and Rimnier. 1993). Mustard plant is characterized 
by large number of broad, oblong-shaped leaves in lower layers (Weiss, 
1983). Such leaves contribute to the development of supra-optimal leaf 
area with accompanying self shading and by other leaves within the 
plant axis. They are poorly illuminated, therefore, are less efficient m 
photosynthate production. Later, at maturity, these leaves are shed 
(Plate lA, B). It has been reported earlier that defoliation brings about 
changes in growth, photosynthesis and carbon reserve remobilization 
(Ericsson et al., 1980; Mc Naughton, 1983; Foggo, 1996; Bruening and 
Egli, 1999; Collin et al, 2000). In Northern India defoliation has been 
practiced from time immemorial to use leaves for condiment and spices, 
and for fodder without knowing the effect on the physiology and 
productivity of the crop. Earlier research has shown that removal of 
such leaves modulates growth and assimilates balance in mustard (Khan, 
2002; 2003; Khan et al., 2002a, b). In the present study the effect of 
defoliation of 50% leaves on lower layers of plant either at 40 (pre-
flowering) or 60 (post-flowering) days after sowing was studied on 
growth, physiology and assimilate balance of the plant. Moreover, 
studies were also conducted to find out the effect of defoliation of such 
50% leaves at 40 days after sowing, on the basis of comparison of stage 
of defoliation, of the plants treated with single or split application of 
soil-applied N. Experiments were conducted in completely randomized 
design. 
Determinations and Results 
Standard plant cultivation practices and analyses procedures were 
adopted. Plants were sampled at 40 (pre-flowering), 60 (post-flowering). 
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Plate 1: (A) mustard field and (B) Leaves in lower layers of axis of mustard 
{Brassicajuncea L.). 
80 (pod-fill) and 100 (pod-maturity) days after sowing to record growth, 
photosynthetic and biochemical characteristics, N assimilation and 
ethylene biosynthesis. At 120 days after sowing (maturity), yield 
characteristics were noted. Growth characteristics were: leaf number per 
plant, leaf area per plant, fresh and diy masses per plant, distribution of 
dry mass in leaf, stem and pod, leaf mass ratio, stem mass ratio, leaf 
area ratio, crop growth rate, relative growth rate and unit leaf rate. 
Photosynthetic characteristics were: chlorophyll content, carbonic 
anhydrase activity, net photosynthetic rate, stomatal conductance, 
intercellular CO2 concentration and intrinsic water-use efficiency. N 
assimilation was assessed in terms of the activities of nitrate reductase, 
nitrite reductase and glutamine synthetase, N concentration and content. 
Biochemical characteristics were: Plant carbon, carbohydrate and 
protein concentrations and carbon: nitrogen ratio. ACC synthase activity 
and ethylene evolution were noted for ethylene biosynthesis. At harvest, 
yield characteristics were: pod number per plant, seed number per pod, 
1000 seed weight, seed yield, biological yield and harvest index. 
Experiment 1 (2000-2001) was conducted to assess the effects of 
removal of 50% leaves on lower layers of mustard {Hrassica jiincea L.) 
plant axis either at 40 (pre-flowering stage) or 60 (post-flowering stage) 
DAS on growth, photosynthetic and biochemical characteristics, N 
assimilation, ethylene biosynthesis at 40 (pre-flowering). 60 (post-
flowering), 80 (pod-fill) and 100 (pod-maturity) DAS. Yield 
characteristics were determined at 120 (harvest) DAS. The design of the 
experiment was randomized block design. Growth characteristics were: 
leaf number per plant, leaf area per plant, fresh and dry masses per 
plant, distribution of dry mass in leaf, stem and pod, leaf mass ratio, 
stem mass ratio, leaf area ratio, crop growth rate, relative growth rate 
and unit leaf rate. Photosynthetic characteristics were: chlorophyll 
content, carbonic anhydrase activity, net photosynthetic rate, stomatal 
conductance, intercellular CO2 concentration and intrinsic water-use 
efficiency. N assimilation was assessed in terms of the activities of 
nitrate reductase, nitrite reductase and glutamine synthetase, 
concentration and content of N. Biochemical characteristics were: Plant 
carbon, carbohydrate and protein concentrations and carbon: nitrogen 
ratio. ACC synthase activity and ethylene evolution were noted for 
ethylene biosynthesis. At harvest, yield characteristics were: pod 
number per plant, seed number per pod, 1000 seed weight, seed yield, 
biological yield and harvest index. 
Defoliation at 40DAS was found superior than 60DAS time of 
defoliation or no defoliation control, and enhanced the characteristics 
maximally. The number of leaves and leaf area increased following 
defoliation, maximum being with 40DAS time of defoliation because of 
emergence of new leaves on the upper axis of the plant. The plants 
defoliated at 60DAS showed lesser increase in leaf number. Thus, the 
increase in photosynthesizing surface area of high photosynthetic 
capacity young leaves led to increase in carboxylation rate (carbonic 
anhydrase activity and intrinsic water-use efficiency). This resulted in 
increased plant dry mass. The other effects were manifestation of more 
N assimilation due to increased demand of young leaves enhancing 
photosynthetic rate. The growth of leaves was found associated with a 
optimal ethylene requirement, which was fulfilled by the activity of 
ACC synthase activity. The greatest beneficial effects of defoliation at 
40DAS over 60DAS or no defoliation were due to improved source-sink 
relationship, as seen in increase in per cent pod dry mass and seed yield 
in plants defoliated at 40DAS. The defoliation at 60DAS also improved 
the characteristics but to a lesser degree than defoliation at 40DAS. 
Experiment 2 (2001-2002) was conducted based on the findings 
of Experiment 1. The aim of the experiment was to study the effect of 
defoliation of 50% leaves on lower layers at 40DAS (based on the 
findings of Experiment 1) in mustard (Brassica juncea L.) plants treated 
with soil-applied 0, 60, 100 and 150kg N/ha on the plant characteristics 
at the sampling times similar to that described for Experiment 1. The 
design of the experiment was randomized block design. 
The defoliated plants treated with 150kg N/ha registered 
significantly superior values compared to any other N application rate. 
Growth, photosynthetic and biochemical characteristics, N assimilation, 
ethylene biosynthesis and yield characteristics were maximal when the 
defoliation was done and plants received 150kg N/ha. N application at 
150kg N/ha met the plants requirement after defoliation to grow faster 
and assimilate N at increased rates and enhance the characteristics 
maximally. Any other N application rate did not suffice the plants 
requirement to grow after defoliation and, therefore, was not as effective 
as 150kg N/ha in increasing the plant characteristics. The overall good 
performance of defoliated plants treated with 150kg N/ha in growth and 
photosynthetic characteristics, N assimilation and improved sink 
capacity led to increase in seed yield. 
Experiment 3 (2002-2003) was conducted to assess the effects of 
defoliation of 50% lower leaves on mustard {Brassica juncea L.) plants 
treated with N as single or split doses. Nitrogen was applied as single 
dose of 150kg N/ha or this was split in two doses, i.e. 100kg N at the 
time of sowing and 50kg N/ha as top dressing at 40DAS 
[BN100+N50(40d)] or 60DAS [BN100-fN50(60d)]; 75kg N/ha at the 
time of sowing and 75kg N7ha as top dressing at 40DAS 
(BN75+N75(40d)] or 60DAS IBN75+N75(60d)]. The design of the 
experiment, determinations and sampling times were similar as in earlier 
experiments. N application in split dose of 150kg N/ha as 100kg N/ha at 
the time of sowing and 50kg N/ha at 60DAS [BN100+N50(60d)] proved 
superior over single N application or any other N rate applied as split 
dose at 40 or 60DAS. N applied as [BN100+N50(60d)] to defoliated 
plants increased growth, photosynthetic and biochemical characteristics, 
N assimilation maximally that led to maximal increase in seed yield. 
The maximal response of defoliated plants to supplemental soil N 
treatment at 50kg N/ha at 60DAS was due to the fact that at post-
flowering stage (60DAS) plants require an additional N for the sink 
strength and increased plant metabolism. It also avoided loss of N 
through leaching and volatilization processes that may occur if the N 
was given at 40DAS because this is the time of irrigation in mustard. 
Plants treated with one-time N (150kg N/ha) at the time of sowing did 
not utilize N beyond its requirement and, therefore, N possibly remain in 
the soil and might have lost. Similarly, split doses of N (100kg N/ha at 
the time of sowing and 50kg N/ha at 40DAS or 75kg N/ha at the time of 
sowing and 75kg N/ha at 40 or 60DAS) also proved ineffective in 
producing maximum effects. 
Defoliation and N application significantly affected yield 
characteristics. Number of pods per plant, number of seeds per pod, 
1000-seed weight, seed yield, biological yield and harvest index were 
found greatest in defoliated plants treated with BN100+N50 (60d). 
The present chapter is followed by an up-to-date bibliography of 
the literature cited in the text. 
Conclusion 
From the overall study following conclusions may be drawn: 
1. Defoliation of 50% leaves on lower layers of mustard plant at 
40DAS increased plant dry mass and seed yield in comparison to 
control due to compensatory regrowth capacity of the plant. 
2. A lesser decrease in plant dry mass and seed yield occurred when 
defoliation was done at 60DAS. 
3. Growth, photosynthetic, biochemical and yield characteristics 
were found higher in plants defoliated at 40DAS. 
4. Defoliation at 40DAS increased N assimilation maximally. 
5. Plants responded better to soil-applied N after defoliation. 
6. The amount and timing of N application after defoliation has an 
important influence in augment growth and productivity of crop. 
7. Single application of soil-applied N (150kg N/ha) proved inferior 
in comparison to split application of N to soil (100kg N/ha at the 
time of sowing and 50kg N/ha at 60DAS). 
8. Split N fertilization rate ((100kg N/ha at the time of sowing and 
50kg N/ha at 60DAS) enhanced growth, photosynthetic, 
biochemical and yield characteristics maximally. 
9. N assimilation increased maximally in plants treated with 100kg 
N/ha at the time of sowing and 50kg N/ha at 60DAS. 
10. The management of regrowth after defoliation was possibly 
brought about by the signals produced in plants as ethylene. 
11. The role of ethylene has been suggested in every aspect of plant 
growth and development, besides its involvement in producing 
signals to control abscission. It may be researched in future to 
correlate mechanical defoliation with abscission. 
12. Efforts should be focused on finding a strategy that causes early 
senescence of leaves on the lower layers. 
13. An ideotype that shed lower leaves at early stage of plant cycle 
may help in maximum use of soil-applied N and break the yield 
plateau in mustard. 
Future Research 
Defoliation in mustard {Brassica juncea) is an age-old practice. 
The leaves of the plants are in use for human consumption as a 
condiment and spices. The implications of defoliation on overall 
performance of the crop were not known. The study reported in the 
thesis shows that defoliation of 50% leaves in the lower layers at early 
stage of plant growth (pre-flowering stage) is benefited for crop growth 
and productivity. Moreover, defoliated plants make efficient use of soil-
applied nitrogen. The physiological phenomenon underlying the control 
of regrowth of plants after defoliation was not known. However, the 
factors that control abscission in plants are well documented. The 
approach to link mechanical defoliation with abscission would be 
U) 
advantageous in the control of defoliation in mustard. The identification 
of molecule that provides signals for the defoliation would have an 
impact on the development of ideotype that losses lower leaves at early 
stage of development. In this regard it may be said that growth 
regulators are important messengers in deciphering the described results. 
For example, ethylene is a gaseous growth hormone involved in a 
diverse array of cellular developmental and stress-related processes in 
plants. Future studies that utilize modern technologies to answer age-old 
questions will provide valuable insights into the role of ethylene in the 
development of plant form. Ethylene-induced leaf abscission induces 
cellulolytic enzymes that break down cell walls in the abscission zone. 
Ethylene-induced abscission is associated with the expression of 
polygalacturonase and ends P-1, 4 glucan hydrolase in the vicinity of the 
distal abscission zone. Examination of the expression of the protein 
during the induction of defoliation in mustard would be an important 
aspect of study. Developing of antibodies against the protein might also 
help to answer the phenomenon underpin the defoliation in mustard. 
Examination of the processes in Arabidopsis in which there is a wealth 
of genetic, molecular and cellular tools available will be available for 
future advances in this area. 
Further, it may also not be ruled out that ethylene may not act as a 
single developmental switch setting a cascade in motion, but may act as 
11 
inducer whose presence is required for long periods of time. Ther^^^^^' 
study of interaction of ethylene with other plant hormones may also lead 
to some fruitful conclusion. 
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INTRODUCTION 
Mustard (Brassica jitncea L. Czern & Coss.) is an important 
oilseed crop of the tropical and sub-tropical regions of the world (Weiss, 
1983). It is grown mainly for seeds, which contain fat that provide 2.5 
times calories than carbohydrates and form an important human diet. 
Besides use of mustard seeds in diet, the vegetative parts, like leaf has 
also been in use since age-old times for condiment and spices. In 
Northern India mustard leaves are used as vegetable. Considering the 
crops grown in India, oilseeds are only next to food grain crops and hold 
a sizeable share of 13% of the country's gross cropped area and 
contribute 5% of its gross domestic production and 10% of the value of 
all agricultural products. The per capita consumption of edible oils in 
India has raised from 4.5kg to 9.5kg in the last 15 years, which is still 
below the world's average of 17.6kg and also below the value of 14kg 
oil and fats per capita per annum, the standards prescribed by Indian 
Council of Medicinal Research, New Delhi. 
Brassica accounts for approximately 10% of the total world 
oilseed production (Downey and Rimmer, 1993). in the Indian sub-
continent oilseed crop Brassica juncea is the dominant species grown 
(Prakash, 1980). It is one of the most popular edible oilseeds of the 
central, eastern and northern parts of India (Prasad and Ehsanullah, 
1988). The area of its cultivation and production has only increased 
marginally during the last 15 years (Shukla et al., 2000). Of the several 
factors tested, input of chemical fertilizers, particularly nitrogen (N) has 
proven successful in increasing plant biomass and productivity. 
Fertilization of agricultural system is an essential factor for 
maintaining or increasing crop production. For increased crop 
productivity the use of N fertilizer has increased on large scale, 
particularly in developing countries to meet the increasing demand of 
continuous increasing population. A close correlation has been reported 
between crop yields and annual N application rates (Sinclair and Horie, 
1989). Application of N to soil compensates for N lost by crop removal, 
leaching and gaseous N loss and also maintains soil conditions 
productive for agriculture (Tabachow et al., 2001). On a global scale 
terrestrial plans assimilate an estimated 1.4 gigatons of N annually; 
approximately 90-95% of the total N is assimilated from mineral N and 
remaining from symbiotic dinitrogen fixation (Paul and Clark, 1988). 
In many cropping systems, N frequently limits crop yield and 
additional N inputs are required to optimize productivity and 
profitability (Rice et al., 1995). The N uptake in the seeds is taken as an 
indicator of N sufficiency (Goos et al., 1982) because most of the N 
accumulated during vegetative growth is translocated to the seeds 
(Sherchand and Paulsen, 1985). Nitrogen supply has been reported to 
affect growth of plants greatly in terms not only of amount of biomass 
produced but the size and proportion of organs and their structure 
(Pearman et al., 1977; Sinclair and Horie, 1989; Greenwood et al., 1991; 
Lemaire et al., 1992). These are the essential features of plant 
development and crop production and depend greatly on N supply 
(Lawlor et al., 2001). N supply also alters the rates of cell division and 
cell expansion in growing leaves (Gastal and Lemaire, 2002). Mustard 
plants respond markedly to N application. Nitrogen requirement in 
Brassica is much greater and increased when sown after a cereal crop 
whose straw or stubble is ploughed under (Allen and Morgan, 1972; 
Downey et al., 1974). Higher rates of N fertilizer are usually supplied to 
oilseed rape in order to obtain maximum seed yield (Barraclough, 1989; 
Holmes, 1980; Porter, 1993; Yusuf and Bullock, 1993). However, only 
50% of the applied fertilizer N is recovered in the seeds (Augustinussen, 
1987; Holmes, 1980; Smith et al., 1989; Taylor et al., 1991) due to the 
significant losses of N to the environment (Schjoerring et al., 1995). A 
significant amount of applied N to crops is leached to ground water and 
remains unavailable to crop because of gaseous N losses from soil 
through denitrification, volatilization and erosion. Thus, it is important 
to develop judicious practices for N fertilizer to ensure its efficacious 
use for economic and environmental reasons. 
In any crop improvement and management programme increased 
N use is a major target. The technologies that influence N use include 
the judicious N input and timing of application of N fertilizer (Rice et 
ai, 1995). Simultaneously, efficient use of N for high crop productivity 
is influenced by the leaf photosynthetic capacity and assimilation of 
photosynthates, which is correlated with uptake, translocation and 
assimilation of N. The photosynthetic capacity can be enhanced by 
reducing the competition between assimilating organs (leaves) of a plant 
together with judicious application of N. Reducing the competition 
between assimilatory leaves can be viewed as to allow functional and 
efficient leaves to grow and removal of shaded and senescing leaves, 
which largely depend on the photosynthetic efficiency of the younger 
leaves. It was hypothesized that removal of shaded leaves might provide 
an opportunity for the younger leaves to grow faster with enhanced 
photosynthetic efficiency, use N more efficiently for photosynthate and 
seed formation. This hypothesis was tested in mustard because of its 
special relevance in the crop. 
Mustard (Brassica jiincea) plant is characterized by large and 
broad oblong-shaped leaves on the lower layers of the plant. Such leaves 
do not receive sufficient light and remain below light photosynthetic 
compensation point. They contribute to the development of supra-
optimal leaf area indices with accompanying self shading and by other 
leaves within the plant axis. They are poorly illuminated, therefore, are 
less efficient in photosynthate production. Later, at maturity, these 
leaves are shed. Their cost of maintenance exceeds the rate of 
production in terms of nutrients and water, and also they abscise at 
maturity. It has been reported that large number of leaves can affect the 
interception of photosynthetically active radiation (Ballare et al., 1989; 
Grewal and Kolar, 1990; Krishnamoorthy, 1993; Kruger et al., 1998; 
Khan et al., 2002a). Defoliation has been reported to bring about 
changes in numerous metabolic processes including activities of 
enzymes and mobilization of C and N compounds (Ourry et al., 1996; 
Bruening and Egli, 2000). This is a worthwhile fact that plant within a 
given environment depends more on a compromise within the C and N 
interactions in order to optimize the use of available resources. 
Any strategy that could lead to the rapid loss of such leaves would 
prove advantageous for assimilate balance and overall performance of 
the plant. The regrowth ability of a plant after defoliation (removal) is 
predominantly dependent upon the size of the reserves of C and N 
(Ourry et al., 1988; Goulas et al., 2002). Moreover, acquisition of N is 
closely connected with photosynthesis (Lawlor, 2002), therefore, these 
two phenomenon may be influenced by defoliation. 
The work of defoliation in mustard and its impact on grovs'th, 
physiology and yield was started at Aligarh by N. A. Khan and associates 
(Khan and Ahsan, 2000; Khan, 2002; 2003; Khan et al., 2002a, b). The 
reported research in the thesis is an extension of the research background 
with which they started work in 1998 and published as Khan et al. (2002a). 
This work reported that defoliation of 50% leaves on lower layers of 
mustard plants at 40d after sowing (DAS) enhanced photo synthetic 
capacity of leaves and biomass production. However, the study did not 
compare the appropriate stages of defoliation and the performance of crop 
under N regimes given after defoliation. To test the hypothesis mentioned 
earlier and to carry on the research work undertaken by Khan and 
associates, the following objectives were set: 
1. To compare the effect of defoliation of 50% leaves on lower layers 
of plant axis at 40DAS (pre-flowering) or 60DAS (post-flowering) 
for maximal growth, photosynthetic and biochemical characteristics, 
N assimilation, ethylene biosynthesis and productivity of crop. 
2. To study the effect of defoliation of 50% leaves on lowers layers of 
plant axis at a growth stage (40 or 60DAS) found suitable and 
treated with varying levels of basal N on growth, photosynthetic and 
biochemical characteristics, N assimilation, ethylene biosynthesis 
and productivity' of crop 
3. To study the effect of defoliation of 50% leaves on lower layers of 
plant axis at the growth stage found suitable and N given to soil as a 
single basal dose or in split applications. 
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Chapter - 2 
REVIEW OF LITERATURE 
2.1 Introduction 
The cultivation of plants was one of the greatest revolutionary 
accomplishments that presumably began in the Mesolithic or 'Middle 
stone age' from 12000 to 6000 BC, when man lived with spear, bow and 
fishing net. Since then the increasing needs urged man to search for 
better techniques to fulfill his needs. At present we live in 'space age', 
but even then agriculture faces many challenges world-wide due to 
interaction of several phenomenon, important being 'Population 
explosion'. 
Agriculture in the advent of 'Green Revolution' was dominated by 
the efforts of increasing productivity, but it has now multiple objectives. 
The cropping system, the quality of crop production, the cost of crop 
production, pattern of efficiency of leaves for photosynthate production 
and increased use efficiency of nutrients occupy priority. 
Oilseeds are essentially important crop of the tropical agriculture 
(Weiss, 1983) as they provide easily available and highly nutritious 
human and animal food. The industrial needs are also met with some of 
the oilseed crops. Oilseed Brassica accounts for approximately 10% of 
the total world oilseed production. In the Indian sub-continent, Brassica 
jtincea is the dominant species grown due to high oil content in its seeds 
(Downey and Rimmer, 1993). The details of botany of the plant have 
been described in the section 'Material and Methods'. 
Mustard {Brassica juncea L.) has high mineral N requirement for 
good harvest. The roots are also able to increase their uptake rate 
capacity rapidly in order to compensate shoot N requirement, but only 
about 50% of the applied N fertilizer is recovered in the harvested seeds 
(Schjoerring et al., 1995). This implies that there exists inefficient N 
utilization and may cause potential risk of significant losses of the 
applied N to the environment. The efficiency with which the leaf N is 
mobilized to the seeds might be improved by increasing N assimilation 
capacity if the availability of photosynthate for reduction of nitrate is 
available to the plant. The plant with high photosynthate production may 
be an ideal ideotype for increased N assimilation and thereby with 
reduced N losses. 
2.2 Strategies for crop improvement 
There has always been increasing pressure to break yield plateau of 
crops by developing new cultivars that have high yields and at the same 
time improved quality. The sustained possibility of accomplishing the 
goal of breaking yield plateau is still far away. However, the strategic use 
of fertilizers and manures may help in assuring sustainability. Oilseed 
Brassica responds well to high nutrient status soils. Its N requirement is 
greater (Weiss, 1983). Managing N nutrition is an important and an open 
avenue in crop management programme to improve the yield and 
minimize N losses. In addition, the management of leaf assimilation 
capacity may also help in increasing sink potential. As high N 
requirement and large number of leaves are feature of Brassica, the 
management of leaf number for efficacious incorporation of N and its 
conversion into photosynthate is another factor that needs to be looked 
into for research and a challenge before the scientists. Brassica relatively 
has large number of leaves at early stages of growth causing shading 
effect on leaves on the lower canopy. These lower leaves contribute less 
to plant productivity and they abscise at maturity when their C balance 
becomes negative. The retention of the critical leaf number and thus leaf 
area for a significant duration may increase photosynthetic biomass 
production and yield by maintaining the flow of assimilates to flowers 
and developing pods. Moreover, N encourages leaf development and 
maintaining photosynthesis over the crop growth period. Thus, an ideal 
situation with critical leaf number with greatest photosynthetic capacity 
and N assimilation and incorporation in mustard may be one aspect of 
crop improvement. Any suggestion for target metabolite may become 
worthy in improving C and N conservation in plants. 
2.2.1 Source-sink system 
Net photosynthetic rate is a pre-requisite for growth and 
productivity. It is one of the most highly integrated and regulated 
metabolic processes required to maximize the use of available light and 
to optimize the use of limiting C and N resources. Photosynthate and N 
supply interact to control the development of leaves and the whole plant 
N acquisition, which provide the dominant basis for sink strength (Paul 
and Foyer, 2001). Therefore, alteration of photosynthetic rate may result 
in an increase in demand for N assimilation. Among several factors 
influencing photosynthetic activity, irradiance is of prime importance 
which affects plant growth and developmental responses. Irradiance 
environment during plant development phase affects its elongation rate 
and photosynthetic capacity of leaves (Allard et al., 1991). The 
distribution of available light over a maximum portion of the leaf area is 
necessary for high efficiency of photosynthetic apparatus. Accumulation 
of carbohydrates in leaves during photosynthesis can be enhanced by 
several other means; by manipulating photosynthesis source, 
translocation of photosynthate and photosynthate sinks (Herold, 1980; 
Neales and Incoll, 1968). The hormonal, nutritional or other interactions 
may follow in sink manipulation as plant hormones are involved in the 
regulation of photosynthetic rate and source-sink balance (Sweet and 
Wareing, 1966; Treharne and Stoddart, 1968; Wareing e/ al., 1968). 
Carbohydrate accumulation in leaves leads to N release, which can be 
used for growth processes. The mechanism that optimizes the whole 
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plant C to N balance may become important strategy in improving 
carbon and N acquisition. The physiological state that regulates 
photosynthesis and coordinate the plant C:N balance determines 
photosynthetic capacity. It has been reported that increased assimilation 
demand on a source leaf resulted in an increase in CO2 fixation rate and 
a decrease in leaf starch concentration. It is possible therefore that at 
different stages of growth with changing sink demands, there may be 
significant shifts in carbon flow through leaf. The storage of 
photosynthate in the leaf and sink provides an important control in 
relation to partitioning of carbon in plants. Since source activity drives 
sink metabolism, photosynthetic control must also be responsive to the 
needs of the whole plant and, optimal use of C and N resources (Thorne 
and Koller, 1974; Paul and Foyer, 2001). The plants with higher 
sink:source ratio had higher photosynthetic and net assimilatory rates, 
increased translocation from photoassimilatory to sink organs and 
increased source and sink activities (Rogers et al., 1995; Mei and Yun, 
1999). A sink is generally supplied with photosynthate from a nearby 
source and as growth proceeds new sources develop and the 
photosynthetic rate of older leaves declines (Rawson and Hofstra, 1969; 
Wardlaw, 1990). The source-sink interaction is often clouded by the 
possibility that changes in demand may influence photosynthesis not 
only directly, but indirectly through factors other than accumulation of 
photosynthate, possibly hormonal changes. Artificially induced changes 
in the demand for photosynthate can influence the rate of photosynthesis 
(King el al., 1967; Neales and Incoll, 1968). Carbon partitioning in 
plants can be influenced by a range of factors, including hormonal and 
nutritional status. Leaf photosynthesis is generally the main source of 
carbon for growth and storage of plant. However, other chlorophyll 
containing organs such as stems, inflorescence and fruits can contribute 
significantly to the overall supply of photosynthate and thus influence 
the pattern of C partitioning. There are number of reports where the 
export of carbon from leaves has been positively correlated with the 
photosynthesis. Ho (1976, 1978) demonstrated a strong positive relation 
between photosynthesis and C export in tomato. Similar correlations 
between photosynthesis and the export of C have been shown for a range 
of plant species including cotton (Hendrix and Huber, 1986), sugar beet 
(Servaites ef al., 1989) and sorghum and ryegrass (Wardlaw, 1990). 
Fader and Roller (1983) studied the relationship between C assimilation, 
partitioning and export in leaves of soybean and reported that rate of 
accumulation of leaf dry matter and rate of export increased as CO2 
assimilation rate increased. Belanger et al. (1994) studied the effect of N 
fertilization on carbon balance in Festuca arundinacea and reported that 
the effect of N fertilization on shoot growth is due to changes in C 
partitioning resulting in faster leaf area development and greater light 
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interception. Rate of senescence and leaf N remobilization was related 
to the activity of C fixation enzymes. These enzymes, representing a 
large proportion of leaf protein, tended to decline in relation to N loss 
(Crafts-Brandner (?/«/., 1983). 
Carbon metabolism is inextricably linked to N metabolism and 
any effect of a change in C abundance influences N metabolism and 
vice-versa (Noctor and Foyer, 2000; Lewis et al., 2000). Carbon 
assimilation of crop depends on the crop N through leaf area 
development (Gastal and Lemaire, 2002). The plants with higher source-
sink ratio had higher photosynthetic rate and net assimilation rate. 
Modifications in source-sink relationships are considered as prominent 
factors in N reserve accumulation (Bouchart et al., 1998). 
The diversity of function and the control of partitioning of dry 
matter to different plant organs is the platform on which crop yield is 
based and many agricultural plants improved yields have been 
associated, not with an increase in total production, but a greater 
partitioning of the available C to the organs being harvested. Arakawa et 
al. (1999) reported that grain filling of the barley plants deprived of leaf 
blades was superior to that of deep shaded plants. Kim et al. (1991) 
reported that defoliation induces changes in source-sink relationships for 
N and regrowing shoots exerted stronger sink behaviour in defoliated 
alfalfa plants. Khan et al. (2002a) studying the performance of mustard 
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{Brassica juncea) after defoliation reported that removal of upper leaves 
(sources) caused decline in seed yield, indicating that upper leaves 
contribute more towards seed yield (sink). 
2.2.1.1 Defoliation 
The removal of leaves, partial or complete is described as 
defoliation. Defoliation is an age old practice in many parts of the 
world. In northern India, mustard plants are defoliated for vegetables 
and or fattening lambs. The practice although beneficial to the plant has 
been in use without knowing its consequences on morphophysiological 
characteristics of plants. Responses of plants to defoliation are of 
considerable economic importance (McNaughton, 1979a, b). By 
reducing transpiration surface, defoliation also may conserve soil water 
stores, sustaining plant growth over a longer period. Klubertanz et al. 
(1996) reported that defoliation significantly increased soil-moisture 
percentage, regrowth of leaves, delayed senescence and compensatory 
regrowth. Respiration rate as measured in dark was higher in defoliated 
plants that in the control, which suggested that partial defoliation causes 
an increase in the photosynthetic rate even in leaves which have 
completed their growth (Wareing et al., 1968). 
Plants have a light requirement for flowering since they need 
photosynthetic product to grow and develop. Photoperiodic induction 
occurs in the leaves and flowering stimulus moves out from the leaves to 
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the meristem where flowers are to be initiated. Specific factors, why 
they occur and their significance to breeders and farmers/growers are 
still being determining. One of these factors is shading, which affects 
overall performance of the plant (Weiss, 1983). Shading often occurs in 
dense crop canopies, causing maximum photosynthetic rate of new 
leaves to be reduced. Leaves developed in shade are usually longer, 
thinner, and lower in specific weight than those developed at high 
irradiance. Shade-grown leaves have lower stomatal density, but guard 
cell lengths are similar to those found in sun-grown leaves (Bjorkman, 
1981). It has long been known that plants which occupy shaded habitats 
are incapable of high photosynthetic rates. Shaded plants have lower 
contents of soluble proteins and considerably lower ratios of soluble 
protein to chlorophyll (Bjorkman, 1981). Crookston et al., (1975) 
observed 70% decreases in the activities of glycolate oxidase, malate 
dehydrogenase and carboxylase in shaded bean plants. Paul and Driscoll 
(1997) reported that shaded leaves decline the Rubisco content that 
accompanies N deficiency. 
Shading can reduce the number of flowers and pods produced by 
reducing the C assimilates, depending upon the duration and reduce pod 
size and number of seeds per pod (Tayo and Morgan, 1979). Field 
shading has been reported to alter the radiation environment, decrease 
assimilation, and reduce grain yield. Shading in winter wheat affected 
15 
tiller mortality, spike morphology, kernel weights and ultimately grain 
yield. The net assimilation rate has been shown to decrease with age of 
the plant. The decrease is caused by the shading of lower leaves by the 
upper leaves. In addition, there is an increasing proportion of respiring 
to photosynthetic tissue and the respiration rate is related to the rate of 
photosynthesis (Milthorpe and Moorby, 1979). Shaded lower leaves 
contain less N than the upper leaves. Furthermore, the proportion of cell 
wall constituents (cellulose, lignin) increases in stem tissues during 
aging and the protein concentration simultaneously decreases when 
compared to that of leaf blades (Lemaire et al., 1992). 
For any crop the net productivity depends primarily on proportion 
of the light intercepted by the green organs and efficiency of 
photosynthetic conversion of intercepted light into biomass. In Brassica, 
these factors have special relevance as the leaves produced are large in 
number, broader in size and oblong shaped, and cause overshadowing 
effect. It has been reported that large number of leaves can affect the 
interception of photosynthetically active radiation (Ballare et al., 1989; 
Grewal and Kolar, 1990; Krishnamoorthy, 1993; Kruger et al., 1998). 
The shaded and unproductive leaves in Brassica become senescent and 
abscise prematurely. The rate of tissue senescence declines markedly if 
photosynthetic tissues are maintained in the light by preventing shading. 
This could be achieved by adopting strategies that lead to rapid loss of 
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lower leaves in the canopy at early growth stages. Thus once the 
physiological cost to the plant of maintaining these dying leaves are 
removed, the assimilate balance may be improved. Leaves make a 
substantial contribution to the seed yield up to flowering, after this other 
plant parts have the ability to compensate for the leaf removal by 
increasing their photosynthetic rate (Frayman et al., 1973; Clarke, 
1978). During vegetative growth, roots, stems and leaves are 
competitive sinks for assimilate. The proportions of assimilate 
partitioned to these three organs can influence plant growth and 
productivity. Gautier et al. (1999) reported that competition for light 
reduces light interception by the plant and also changes the spectral 
composition of light. Such a change in light quality results in 
photomorphogenetic responses of the plant mediated through different 
photoreceptors and photosynthetic pigments. Partial defoliation not only 
increases the relative demand for photosynthates on the remaining 
leaves but also increases the photosynthetic efficiency by reducing the 
competition between leaves for mineral nutrients and possibly for 
specific hormonal factors (Wareing et al., 1968). Increased light 
intensity upon remaining photosynthetic tissues after defoliation results 
in an immediate increase in photosynthetic rate per unit of remaining 
leaf (Jameson, 1963; Robsen, 1973). Hunter et al. (1995) reported that 
partial defoliation in Vitis vinifera reduced canopy density leading to 
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increased light penetration, photosynthetic activity and yield. Increasing 
light intensity enhanced tillering and leaf production during plant 
growth, and increased the content of water-soluble carbohydrates in 
Festuca pratensis (Havstad, 1996). Leaves utilizing sufficient sunlight 
are commonly thicker, leathery and contain more densely packed cells, 
thus become dark-green and fully expanded (Ludlow and Wilson, 1971; 
Alderfer and Eagles, 1976; Caemmerer and Farquhar, 1984). This can 
lead to a higher assimilation rate per unit area in the leaves produced 
after defoliation. Ourry et al. (1996) reported that new source-sink 
relationships are established between organs remained after defoliation. 
The investment of assimilate into greater leaf area development results 
in greater light interception. 
2.2.1.1.1 Defoliation and compensatory growth 
Defoliation affects morphological and physiological 
characteristics of plants, including emergence of new leaves with 
modified assimilatory capacity. These changes have been described as 
compensatory growth (Ericsson et al., 1980; McNaughton, 1983; Foggo, 
1996; Bruening and Egli. 1999; Collin el al., 2000). The regrowth 
following defoliation affects bioniass production and C reserve 
remobilization. Growth of defoliated plants is influenced by nutritional 
status of plants (Ourry et al., 1988; Hamilton et al., 1998; Skinner et al., 
1999; Thornton et al., 1994), time of defoliation (Ericsson et al., 1980) 
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and genotype (Nugent and Wagner, 1995). Stockhoff (1994) proposed a 
theoretical hypothesis that foliar losses are balanced by increased 
irradiance of the leaves remained after defoliation and that N allocation 
pattern of plants should depend on the severity of defoliation and 
whether the defoliation is done on the top or bottom canopy. Jarvis and 
Macduff (1989) reported that response of plants to defoliation has 
important implications for survival in natural ecosystems as well as for 
the efficient utilization of fertilizer N in the productive agriculture. It 
has been shown that rates of leaf appearance and stolon branching are 
closely related to air and soil temperature (Davies and Jones, 1992) and 
light intensity (Davies and Evans, 1990). Defoliation upto 40-50% of the 
leaves increased the rates of leaf emergence and the development of 
young leaves to maturity (Marriott and Haystead, 1990). An increase in 
leaf number and leaf area was reported in defoliated Sanguisooba minor 
(Douglas et al., 1994). Alados et al. (1997) reported an enlargement of 
the stem, increase in leaf and flower number, greater vegetative growth 
and inflorescence length in Anthylis cytisoides after clipping. Growth of 
frequently or periodically defoliated white clover was significantly 
enhanced upto 30-45% in plants grown under ambient CO2 
concentrations, however, forage regrowth of several grass species was 
affected little or reduced at elevated CO2 (Hunt et al., 1995; Ssbo and 
Mortensen, 1995; Wilsey, 1996). Cresswell el al. (2001) reported that 
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Brassica napus showed the plasticity in floral dimensions. Saitoh et al. 
(2001) reported that removal of leaves enhanced flowering and this 
increase compensated for either source or sink restriction. Wallace et al. 
(1985) reported compensatory growth to moderate levels of clipping in 
African graminoids. 
In defoliated white clover, increase in stolon elongation rate, leaf 
area, root mass, leaf number and stolon number, but total non-structural 
carbohydrates decreased with the decreased supply of phosphorus. 
However, the loss was restored by increasing phosphorus supply (Singh 
and Sale, 1996a, b). Ho et al. (1987) reported that head removal in 
sunflower plants delayed the rate of development of leaf senescence and 
illustrated the variability in different parameters associated with leaf 
senescence processes. Defoliation increased the release of soluble and 
organic compounds from roots and increased cumulative 
rhizodeposition. It was suggested that defoliation remobilized root 
carbohydrate for the initiation of shoot regeneration. It also affected 
crude protein, dr>' matter, total non-structural carbohydrates (Spitaleri et 
al., 1994; Paterson and Sim, 2000). Schnyder and Visser (1999) reported 
that in defoliated ryegrass rapid regrowth was associated with the 
transient defoliation of water soluble carbohydrates and dilution of 
structural biomass and C:N ratio in growth substrate was re-established. 
Walker et al. (1999) reported that cut of Sorghum plumosum plant 
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moderately doubled their root volume after treatment. Ourry et al. 
(1989) reported the decrease in nitrate in roots of defoliated ryegrass, 
however, the lower carbohydrate concentrations compensated for the 
accumulation of nitrate. Bocaud and Bigot (1989) proposed that the 
fluctuations in nitrate reductase were related to the capacity for C 
assimilation and the nitrate availability in ryegrass. Defoliated plants 
retained a high capacity for absorption of nitrate and were unable to 
assimilate this nitrate, thus its net uptake decreased (Jarvis and Macduff, 
1989). 
Some crop plants such as most grasses have essentially no stem 
growth during vegetative development and favour partitioning to leaves 
and roots. Young developing leaves need imported assimilate to provide 
the energy and C skeletons for growth and development until they 
produce enough assimilate to handle their own requirements. Adaptation 
to defoliation in many grass species involves a capacity for 
remobilization of N compounds stored in perennial tissues such as roots 
or stubble allowing N to be supplied to the growing zones despite the 
reduced N uptake by roots that usually occurred as a response to 
defoliation (Volenec el al., 1996). The relative contribution of 
remobilization and root uptake in supplying N to new leaves after 
defoliation depends on grass species (Thornton et al., 1993). Moreover, 
the N status of the plant at the time of cutting is an important factor for 
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mineral N-uptake down regulation and the subsequent dynamics of N 
remobilization (Macduff et al., 1989; Louahlia et al, 1999). It is well 
established that organic reserves contribute to regrowth of defoliated 
plants (Ourry et al., 1994). Repeated defoliation decreased C02-induced 
growth enhancement under nutrient-limited conditions. However, when 
nutrients were abundant, positive C02-induced growth enhancements 
were maintained after defoliation. This indicated the importance of soil 
nutrients in sustaining C02-induced growth responses when subjected to 
defoliation (Hunt et al., 1995; Hebeisen et al., 1997; Morgan et al., 
2001). About 40 to 60% of the total N in roots and crown is mobilized to 
meet the N demand of the shoots during early regrowth. Amino-N is the 
most readily available form of N (Lefevre et al., 1991; Hendershot and 
Volenec, 1993) and protein N the largest storage form (Ourry et al., 
1989; Kim et al., 1991). Mobilization of N reserves from stubble and 
roots play a major role during early regrowth of grass plants. Grass 
plants subjected to defoliation can use either nutrients taken up by the 
roots or those remobilized from other tissues for regrowth of lamina 
(Thornton et al., 1993). Plants have two available sources of N for 
growth of young tissues: the external supply and organic reserves from 
older vegetative tissues (Lefevre et al., 1991). For a wide range of crop 
species, organic reserves and more particularly carbohydrates contribute 
to regrowth of new leaves following defoliation. Rapid degradation 
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followed by synthesis of carbohydrates such as polyfructan in ryegrass 
(Gonzalez et al., 1989) or starch and sucrose in alfalfa (Habben and 
Volenec, 1991; Kim et al., 1993) occurs in roots and crown during post 
defoliation regrowth. 
The enhanced plant growth is often accompanied by shifts in 
biomass partitioning with increased partitioning of biomass to below 
ground organs (Bazzaz, 1990; Rogers et al., 1994). Heuvelink and 
Marcelis (1996) reported that increased assimilate supply in sweet petter 
and tomato increased dry weight of individual leaves. Defoliation leads 
to an increase in NOs^N content in young stems of defoliated soybean 
plant (Mei et al., 2002). Lotscher and Hay (1996) reported that 
defoliation in clover altered source-sink relationships and increased 
lateral transport to far side branches. Goulas et al. (2002) reported that 
the mobilization of N reserves from storage tissues of regrowing clover 
was closely linked to the pattern of differentiation of newly developed 
organs. The remobilization of N can be increased by increased N-
fertilization in alfalfa defoliated plants (Skinner et al., 1999). Grasses 
tolerate defoliation through preferential allocation of assimilate, and 
remobilization of C and N storage compounds, from leaf blades, crowns 
and roots to support recovery of photosynthetic capacity (Johasson, 
1993). 
Age of a plant strongly influences the plant response to shoot 
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removal (Todorovic et al., 1999). Defoliation at vegetative stage 
enhanced leaf production and greater relative growth rate of tillers 
(Becker et al, 1997a, b), while as defoliation at anthesis reduced leaf 
area, plant dry mass and grain yield (Ockerby et al., 2001). Defoliation 
resulted in proportional partitioning of assimilates in leaves and stem 
and increased partitioning to non-structural dry matter (Pammenter and 
Allison, 2002). Defoliation of lower leaves promoted apical bud growth 
and initiation of flowering (Yeh and Chiang, 2001; Khan et al., 2002a). 
2.2AA.2 Defoliation and photosynthetic capacity 
Growth following defoliation depends first of all on the 
development of photosynthetic surface (Richards, 1993). Partial 
defoliation has rejuvenating effects on the remaining leaves, restoring 
their photosynthetic capacity to near the values of newly formed leaves 
(Warieng et al., 1968; Hodgkinson, 1974). An increase in CO2 
assimilation rate and changes in the light regime for the growth in a CO2 
enriched atmosphere cause parallel changes in RuBP carboxylase 
activity and the capacity for RuBP regeneration (Caemmerer and 
Farquhar, 1984). Partial defoliation leads to increased photosynthetic 
rates by increasing the supply of endogenous cytokinins to the 
remaining leaves, which in turn leads to increased enzyme synthesis, 
including carboxylating enzymes. This increased rate of photosynthesis 
seen after partial defoliation has been interpreted for photosynthesis on 
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the remaining leaves (Wareing et al., 1968). Becker et al. (1997a) 
reported that grasses rapidly re-establish photosynthetic capacity after 
defoliation. Photosynthetic rate in oilseed plant Oenothera biennis was 
enhanced after defoliation (Morrison and Reekie, 1995). Syvertsen 
(1994) also reported an increase in photosynthesis and stomatal 
conductance in citrus seedlings after partial defoliation. 
Partial defoliation increased leaf net photosynthetic rate in wheat. 
(Wang et al., 1997). Donaghy and Fulkerson (1997) reported that most 
of the leaf regrowth in defoliated ryegrass was due to plant water 
soluble reserves and remainder due to photosynthesis. Belsky and Hill 
(1997) reported decrease in alkaloid production in Festuca anmdinacea 
which may be due to photosynthetic rate to generate new leaves. 
Defoliation enhanced compensatory photosynthesis and stomatal 
conductance in Festuca idahoensis (Doescher et al., 1997). Anten and 
Ackerly (2001) reported that defoliation significantly increased the light 
available to the remaining leaves and light saturated photosynthesis per 
unit leaf area. This was due to an improved light penetration in the 
canopy in Chamaedorea elegans. Defoliation in maize increased the 
light penetration, thereby increased grain yield (Emam and 
Seghatoleslami, 1999). Kruger et al. (1998) reported that defoliating 
Populiis tremuloides increased light penetration in the crop canopy. 
Clipping leads to increase in photosynthesis in Panicum maximum (Paez 
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and Gonzalez, 1995). An increase in PAR was reported in peanut by 
Jones et al. (1982). Ryle et al. (1985) reported that recovery of N2 
fixation in clover was related to the re-establishment and increase in the 
photosynthetic capacity. 
2.2.1.1.3 Defoliation and enzyme activities 
Photosynthetic rates are limited not only by the physical 
resistance to C dioxide diffusion but also by the levels of carboxylating 
enzymes in the leaf. Partial defoliation leads to increase in the 
carboxylating enzymes and thereby increased photosynthetic rates 
(Wareing et al., 1968). The rise in leaf protein content after defoliation 
indicates that the increased carboxylating activity is a result of increased 
enzyme synthesis, which may be a result of reduced competition 
between leaves for mineral nutrients or metabolites supplied by the roots 
(Wareing et al., 1968). Caemmerer and Farquhar (1984) reported an 
increase in the CO2 assimilation rate following the removal of shaded 
leaves. Partial defoliation leads to increased levels of RuBP carboxylase 
and PEP carboxylase and to the parallel increase in the photosynthetic 
rate suggesting that there could not have been saturating levels of these 
enzymes present in the leaves of the control plants (Wareing et al., 
1968). Partial defoliation caused an increase in CO2 assimilation rate 
and a parallel change in RuBP carboxylase activity and capacity for 
RuBP regeneration in Phaseolus vulgaris (Caemmerer and Farquhar, 
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1984). Hua and Rui (1998) reported that defoliation increased the 
activities of RuBP carboxylase and sucrose phosphate synthase in the 
flag leaf of rice. However, Gana et al. (1998) reported the decrease in 
amylase activity in roots of defoliated alfalfa plants. Roover et al. 
(1999) reported the decrease in fructan metabolizing enzyme activities 
in Cichorium intybus immediately after defoliation, however, at later 
stages the enzyme activities increased. Li et al. (1998) working with 
alfalfa applied with phosphorus fertilizer reported that defoliation 
increased endo-amylase activity in roots. Yamamoto et al. (1996) 
reported an increase in sucrose, glucose, fructose together with amylase 
activity in the taproot of alfalfa following defoliation. 
Hartwig and Trommler (2001) reported an increase in the 
concentration of aspargine, glutamine and aspartate in white clover 
lupin following defoliation. Bound proteins in chicory roots were 
hydrolysed to provide extra free amino acids after defoliation. These 
amino acids were used for the growth of new foliage (Neefs et al., 
2002). Culvenor and Simpson (1991) reported the increase in amino 
acid-N indicating the breakdown of soluble protein in excess in 
defoliated clover Handershot and Volenec (1993) reported the increase 
in the concentration of aminoacids like leucine, isoleucine, tyrosine and 
phenylanaline in the tap roots of defoliated alfalfa. Gordon and Kessler 
(1990) reported that activities of invertase, sucrose synthase, glucose 
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pyrophosphorylase, aspartate aminotransferase, glutamine synthetase, 
phosphoenol pyruvate carboxylase and malate dehyrogenase increased at 
the later stages of regrowth and emergence of new leaves following 
defoliation. 
Crafts-Brandner et al. (1983) reported an increase in the 
concentration of sugar by 42% in roots, enhanced nitrate assimilation 
(NRA and accumulation of reduced-N), uptake, transport and reduction 
of nitrate in soybean after the removal of vegetative shoot apex. The 
significant increase in total plant nitrate reductase activity was highly 
correlated with shoot regrowth. Boucaud and Bigot (1989) reported an 
increase in glutamine synthetase activity in regrowing tissues of 
ryegrass. 
Khan (2002) studying the effects of defoliation on mustard 
reported an increase in the activities of carbonic anhydrase and RuBP 
carboxylase. Hartwig et al. (1994) reported an increase in the 
nitrogenase activity in nodules of defoliated white clover. 
2.2.1.1.4 Defoliation and plant hormones 
The morphological and physiological changes following 
defoliation are presumed to have brought about by signals produced by 
plant hormones. Therefore, the renewed growth of a terminal bud after 
removal of mature leaves may be associated with the changes in the 
plant hormones. Experiments aimed at studying changes in plant 
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hormones have less frequently been reported. Sporadic reports on the 
hormonal changes associated with the defoliation are available in the 
literature. Qi and Yan (2000) reported accumulation of abscisic acid in 
cotton leaves following defoliation. Earlier work conducted in the 
author's laboratory by N. A, Khan and associates showed that auxin and 
ethylene level changes accompanied with the defoliation in mustard 
(Khan el al., 2002a, Khan, 2003). 
2.2.1.1.5 Defoliation and crop yield 
Yield of a grain crop is a function of the production of assimilate 
by photosynthesis, translocation of assimilate to reproductive sinks and 
its utilization by the developing sinks to produce the storage materials, 
that give the seed its economic value. The ability of the seed to utilize 
assimilate is an important part of the yield production process. It has 
been reported that the assimilate requirement of an individual seed plays 
an important role in determining total seed output because the total 
assimilate requirement of all the seeds on the plant must be in balance 
with the available assimilate supply. Significantly higher seed 
productivity on the removal of lower leaves of Hrassica jtincea has been 
reported (Raut and Ali. 1986; Khan and Ahsan. 2000; Khan et al., 
2002a, b). However, defoliation at flowering reduced the grain dry 
matter in maize hybrids (Sangoi el al., 2002). Martinez el al. (2001) 
reported that removal of first three leaves enhanced yield in tomato. 
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2.2.2 N assimilation 
On a global scale terrestrial plants assimilate 1.4 gigatons of N 
annually, approximately 90-95% of the total in form of mineral N and 
remaining from symbiotic N fixation (Paul and Clark, 1988). Since N 
fixation by living organisms (except for some symbiotic N2 fixers) is 
generally quite limited, therefore, N is added to soils for most cropping 
systems to achieve high yield. One of the most important features in 
achieving crop productivity in the last half century has been the 
increased use of N fertilizer. Close relations are commonly found 
between crop yields and annual N application rates (Sinclair and Horie, 
1989). N uptake of the field crops is highly variable within a single 
year, between the sites and between crops, even when N supplies from 
both the soil and additional fertilizer inputs are plentiful (Gastal and 
Lemaire, 2002). 
The evaluation of crop N requirements and the analysis of yield 
components in relation to N supply have been mostly directed towards 
the general objective of satisfying crop N demand (Greenwood el al., 
1986). A more functional approach linking the plant productivity with N 
supply was developed with the advancement of plant ecology. This 
approach was concentrated towards a search for adaptive strategies of N 
input which could conserve natural environments (Lambers and Poorter, 
1992). Research conducted in the last one and half decade has allowed 
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the development of a functional approach for crops based on the 
ecophysiology of N uptake, N distribution and growth (Lemaire, 2001). 
In situations with a generous N supply, the variability in the dynamics 
of N accumulation in crops, under different climatic conditions and for 
different species has greater importance reduced when crop N content 
(amount of crop N per unit ground area) is related to crop biomass 
(Greenwood et al., 1986). Understanding the processes that govern N 
fluxes, particularly N uptake and distribution in crops is of major 
importance with respect to both environmental concerns and the quality 
of crop products (Gastal and Lemaire, 2002). This can be looked into as 
plant N consists of two pools: a metabolic pool corresponding to N 
storage structure and the other as metabolic functions. Crop respond 
favourably to nutrient N with regard to growth, development and yield 
(Marschner, 1995) as nutrients form the building blocks for the amino 
acids, proteins, nucleic acids and other cellular constituents necessary 
for the plant development (Fageria et al., 1991; Salisbury and Ross, 
1992). N application enhances the soil moisture and increases water-use 
efficiency during the vegetative period through larger leaf area without 
affecting water-use during different levels of the stored soil moisture 
(Vyas et al., 1995; Zaman and Chaudhari, 1998; Dodd, 2001). 
Madakadze et al. (1999) reported that plant N concentration increases 
with the increase in the N fertilizer. The exogenous supply of N 
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increases the levels of protein and mRNA for PEPC (Sugiharto and 
Sugiyama, 1992). Increasing N levels in general bring about a 
significant increase in '"C assimilation, RuBP carboxylase, PEP 
carboxylase activities and dry mass production (Sharma and Sirohi, 
1987; Khan, 1996; Khan et al., 1996). N supply alters the rates of cell 
division and cell expansion in growing leaves (Gastal and Lemaire, 
2002). In grasses, N supply greatly stimulates cell production rate, and 
the final cell length is affected (Mac Adam et al., 1989; Gastal and 
Nelson, 1994; Fricke et al., 1997). In dicots, early studies showed that 
the impact of N supply on leaf growth was mostly due to an increase in 
cell growth rate, because a larger final cell size was observed and also 
because N supply increased leaf water potential (Radin and Parker, 
1979; Radin and Ackerson, 1981; Radin et al., 1982). 
2.2.2.1 N mineralization 
It is generally assumed that N fertility of soil in natural agro-
ecosystem reaches a maximum equilibrium level under specific 
environmental conditions where organic matter inputs equals loss (Tate, 
1992). However, the intervention of mass in agro-ecosystems changed 
this equilibrium through effects of cultivation, which accelerates the 
oxidation of soil organic matter at or near the surface. This results in 
loss of potentially mineralizable N fraction of organic matter that serves 
as reservoir of N available to crops. Mineralization of organic N (native 
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or added organic N sources) is an important process in the N nutrition of 
wetland crops. The mineralization of organic N takes place in a three 
step reaction i.e. aminization, ammonification and nitrification. 
Aminization involves the breakdown of proteins in neutral and alkaline 
environments by bacteria, fungi and actinomycetes, one of the final 
stages of decomposition of proteins and release of amines and amino 
acids. The amines and amino acids so released are further utilized by 
still other groups of heterotrophs including both aerobic and anaerobic 
micro-organisms with the release of ammonical compounds, a process 
termed as ammonification. 
Nitrification is referred to as biological oxidation of ammonium to 
nitrate. The nitrification process is generally controlled by ammonium 
availability (Guenzi et al., 1978; Robertson, 1982), soil pH and 
temperature (Francis, 1982; Gilmour, 1984). The use of nitrification 
inhibitors did not arrest the process completely. This resulted in a 
preponderance of ammonium over nitrate in the soil, which affected the 
persistence of applied N in the soil as well as plant N metabolism and N 
nutrition (Sharawart, 1996). 
2.2.2.2 N immobilization 
Immobilization is the reverse of mineralization and occurs when 
large quantities of low N crop residues such as cereal crop straw is 
decomposed in the soil. The high amount of carbohydrates in such 
residues causes pollution of soil micro flora to build up quickly. As new 
cells are formed, N and other essential elements are used to build up 
protoplasm. Almost invariably this leads to a decrease in the levels of 
inorganic N for crops. 
Nitrate is the dominant form of mineral N available to higher 
plants. The assimilation of nitrate by plants requires uptake, reduction 
and conversion of nitrate to ammonia and the incorporation of ammonia 
to organic compounds (Migge and Becker, 1996; Sivasankar and Oaks, 
1996). Nitrate is first reduced to nitrate by the enzyme nitrate reductase 
and the nitrite is further reduced to ammonia in a reaction catalyzed by 
nitrite reductase. Ammonia formed is then converted to amino acids 
through the combined activities of glutamine synthetase and glutamate 
synthase (Miflin and Lea, 1976; 1980). The form of N ion supplied to 
roots also influences the absorption and transport of other nutrients 
(Pilbeam and Kirkby, 1992). Subsequently nitrogenous organic 
compounds such as amino acids are utilized through primary metabolic 
pathways for various aspects of the life cycle of plants. The uptake of 
ammonium and nitrate by plants is controlled metabolically. A specific 
active uptake system has been established for nitrate (Ansari and 
Bowling, 1972; Hewitt, 1975; Rao and Rains, 1976; Doddema el al., 
1978; Doddema and Telkamp, 1979). In the case of ammonium, a 
concentration-dependent multi phase uptake pattern has also been 
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established, indicating the existence of an active uptake mechanism 
(Fried et al., 1965; Joseph et al., 1975). 
The supply of nitrate to the roots is facilitated by diffusion and 
mass flow along with the water taken up. It has been ascertained in 
numerous investigations that nitrate as opposed to ammonium nutrition 
can lead to increased uptake of cations, while the anion uptake is 
diminished. Generally, it can be expected that pure ammonium nutrition 
is more favourable in species whose capacity for ammonium 
assimilation is greater than the capacity for nitrate reduction. Better 
growth with nitrate than with ammonium has been observed within 
numerous species (Gigon and Rorison, 1972; Chaillou et al., 1986). N 
uptake and translocation from organic N reserves of roots and stubble to 
new foliage were both enhanced during regrowth of ryegrass (Ourry et 
al., 1988). 
2.2.2.3 Effects of N deficiency on plants 
The supply of N in a plant available form is one of the main 
factors controlling plant productivity in agricultural ecosystems. Higher 
plants have, therefore, evolved a variety of strategies to increase the 
effectiveness by which N is retained and utilized for growth and 
development, following its acquisition from the environment by root 
uptake or N2 fixation. If less N is available in the soil than is required by 
the crop, N absorption is limited and the crop experiences N deficiency 
"K-> 
(Ourry et al., 2001, Jeuffroy et al., 2002; Khan et a/., 2002c). N 
deficiency is mainly characterized by poor growth rate. The plants 
remain small, the stems have a spindle appearance, the leaves are small 
and the older leaves often fall prematurely. Root growth is affected and 
in particular branching is restricted (Mengel and Kirkby, 1987). Plants 
suffering from N deficiency mature earlier, and the vegetative growth 
stage is shortened. N deficiency not only affects cell number, but also 
cell size in plants (Marschner, 1995). Deficiency of N affects leaf size 
through both cell production and cell expansion. It alters source-sink 
relations, strengthens root growth compared with leaf growth and 
reduces growth of whole plant and dry matter accumulation, N 
metabolism and photosynthesis are impaired, plant nitrate, free amino 
acids and protein decrease under N deficiency. Deficiency of N 
decreased rate of photosynthetic rate per unit leaf area (Van der Werf el 
al., 1993). It has been reported that N deficiency reduced leaf area 
duration, leaf area index, aerial dry matter, crop growth rate, intercepted 
PAR and water use efficiency (Novoa and Loomis, 1981; Lemcoff and 
Loomis, 1986; Sinclair and Horie, 1989; Uhart and Andre, 1995a, b; 
Mae, 1997; Dodd, 2001). 
Researches have shown that N supply promotes growth of plants 
by way of better cell division and their elongation. In the following 
pages efforts will made to emphasize the role of N in growth and 
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photosynthetic characteristics, nutrient uptake, yield and quality 
characteristics in oilseed crops, particularly in mustard. 
2.2.2.4 N and growth characteristics 
Increase in N level from 0 to 80kg N/ha significantly increased 
growth characteristics in Indian mustard (Sharma et al., 1994; Khan et 
al., 1990, 2001, 2002c). Application of N showed significant positive 
effect on mean plant height of Brassica napus and Brassica campestris 
(Al-Jaloud et al., 1996). The height of Brassica juncea increased 
significantly with increasing N from 0 to 90kg N/ha at every growth 
stage (Tomar et al., 1996; Khanpara et al., 1993). The essential role of 
N in leaf growth has long been recognized. N fertilization increased leaf 
area and plant biomass. Leaf expansion rate is very responsive to N 
supply both under controlled and field conditions. Leaf growth is 
particularly responsive to large amounts of N in Brassica crops. N 
fertilizer application increased leaf area of Brassica napus. Increased 
allocation of dry matter to shoot was reflected in increased rates of leaf 
expansion and elongation in plants supplied with N. It is clear that if N 
supply rate to the crop for new leaf growth is restricted, the amount of 
leaf area produced is proportionately restricted (Larcher, 1995; 
Marschner, 1995; Dodd, 2001; Khan, 1996; Khan et al., 1996; 2000; 
2002c). Increased levels of N show increased leaf area index 
progressively. High leaf area index indicates high mobilizable protein at 
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beginning of reproductive stage, which helps the crop to put forth higher 
production. N application to Brassica juncea significantly increased leaf 
area index and was considerably higher at all stages of growth at 100kg 
N/ha than 50kg N/ha (Grewal and Kolar, 1990). Khan and Agarwal 
(1988) reported that leaf area index increased with increasing N rates in 
the range of 0-80kg N/ha in Brassica juncea. Leaf area index increased 
with the increase in N levels, however there was no significant increase 
after 40kg N/ha in groundnut (Patra et al., 1995). Perumal (1999) also 
reported that leaf area index increased significantly with increasing N 
levels in rain-fed grown cotton. Pradhan et al. (1994) and Dey et al. 
(1989) also reported similar results for leaf area index in response to N. 
N application increased crop growth rate of castor (Bheemiah et al., 
1998). Pradhan et al. (1994) also reported an increase in crop growth 
rate by N application. Increasing levels of N from 0-60kg N/ha 
increased crop growth rate of barley genotypes under moisture scarce 
conditions (Awasthi and Surajbhan, 1994). Patra et al. (1995) also 
reported that crop growth rate increased with the increase in N levels, 
however, there was no significant increase after 40kg N/ha in groundnut. 
The crop fertilized with 80kg N/ha showed higher crop growth rate over 
40kg N/ha due to potential rate of N in metabolic activities and on 
vegetative growth of sunflower plants (Sarkar et al., 1999). Khan and 
Agarwal (1988) also reported that crop growth rate increased with 
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increase in N rates in Brassica jimcea but did not increase further with 
120kg N/ha. N application showed progressively higher relative growth 
rate than each respective level of N upto 45-60 days but at later stages 
the increase was inconsistent and even decreased in certain cases with 
increase in N levels in sunflower. Increasing levels of N upto 80kg N/ha 
increased net assimilation rate mainly due to increase in crop growth 
rate and relative growth rate in sunflower (Sarkar et al., 1999). 
Dry mass increase with increasing N doses has been reported 
(Cajuste et al, 1996; Polly et al., 1999). N application increased 
biomass production favourably from early stage and was significantly 
higher with 80kg N/ha at advanced stages of growth due to vigorous 
vegetative growth in sunflower (Sarkar et al., 1999). Dry matter 
production in groundnut increased at all growth stages with increase in 
N levels, however, beyond 40kg N/ha no significant increase took place 
(Patra et al., 1995). Sawan et al. (1998) reported that seedling fresh and 
dry masses increased with N rate (161kg N/ha) in cotton plants. Increase 
in N rates increased dry matter production under water scarce conditions 
(Vyas et al., 1995). Khan and Agarwal (1988) reported that dry matter 
accumulation per plant increased with increasing N rates in the range of 
0 to 80kg N/ha in mustard. However, it did not increase further with 
120kg N/ha. Application of 60kg N/ha significantly increased dry matter 
in Brassica campestris genotypes (Satyavam et al., 1999). 
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N at the rate of 90kg/ha produced maximum fresh weight and dry 
weight at vegetative as well as reproductive stages. N-fertilized plants of 
mustard produced appreciably more dry matter throughout the growing 
season than unfertilized plants (Singh and Saran, 1987). 
2.2.2.5 N and photosynthetic characteristics 
The effects of the form and concentration of nutrient N on 
photosynthetic carbon dioxide assimilation may arise from the influence 
of N source on photosynthetic enzymes, photorespiration, stomatal 
conductance or other aspects of photosynthetic metabolism. The amount 
of leaf N and Rubisco per unit leaf area is affected by N supply. Greater 
N supply generally results in increased N and Rubisco per unit leaf area 
in the developing leaves. CO2 assimilation is generally higher at higher 
N concentration, as the N invested in the enzymes of the photosynthetic 
carbon reduction cycle and in the thylakoid protein constitutes the 
majority of leaf N. Leaves with a higher content of N utilize high photon 
flux densities more effectively for photosynthesis than those with a low 
N content (Lawlor, 2001). Increasing N from 0 to 50 kg/ha and 50 to 
100kg N/ha helped the crop canopy of Brassica juncea L. to trap more 
radiation for photosynthesis (Grewal and Kolar, 1990; Grewal et al., 
1993). They also reported that interception of PAR by the crop canopy 
of Brassica napus improved significantly with the increase in N rates 
from 0 to lOOkg/ha. It is well known that plants vary in the sensitivity of 
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the photosynthetic apparatus radiation of different wavelengths within 
the canopy. Mean sunlight irradiance on leaf surface diminishes as an 
exponential function of leaf area index (Saeki, 1963; Charles-Edwards, 
1982). Changes in radiation quality also occur largely due to the spectral 
properties of leaf pigments leading to reduction in the red-far red ratio 
as light penetrates the canopy (Holmes, 1981; Ballare et ai, 1989; 
Guimet et ai, 1989). 
2.2.2.6 N and nutrient uptake 
The type and concentration of N in growth media extend a 
considerable influence not only on the growth and mineral composition 
of the crop plants, but also affect the relative uptake of cations and 
anions (Kurvitis and Kirkby, 1980; Gashaw and Mugwira, 1981; Kirkby, 
1981; Lovatt, 1986; Jeschke el ai, 1992). Increasing levels of N 
increased the uptake of N regularly irrespective of growth stage in 
linseed (Singh and Mishra, 1994). Application of 60kg N/ha 
significantly increased N uptake by seed, whereas uptake of N by stalk 
as well as total N increased linearly up to 90kg N/ha of N applied to 
Rrassica campestris genotypes (Satyavam et al.. 1999; Dubey and Khan, 
1993; Patil and Bhargava, 1987; Kumar et al., 1989). The influence of N 
supply nutrient uptake in Brassica juncea has also been reported. 
Voluminous literature is available in this context. To quote few that has 
been reported from the author's laboratory include (Samiullah et al.. 
41 
1990; Khan et al, 1990; 2000, 2002c) 
2.2.2.7 N and yield characteristics 
Yield is determined by canopy photosynthesis during crop growth, 
and photosynthetic capacity is closely related to leaf N content. During 
sink development N is translocated from vegetative plant material to the 
sink. N is an important factor which influences the yield. The yield 
increases with an increase in N supply to a limited extent, irrespective 
of the forms of N (Larcher, 1995; Marschner, 1995). N application 
increased mean pod number per plant in Brassica napus under drought 
conditions (Asare and Scarisbrick, 1995). The number of pods per plant 
in Indian mustard increased by N application significantly upto 80kg 
N/ha under rainfed conditions (Thakuria and Gogoi, 1996). Increase in 
the number of siliqua per plant with increasing levels of N up to 60kg/ha 
in Brassica juncea has also been reported by Khanpara et al. (1993), 
Reddy and Sinha (1988), Rathore and Manohar (1989), while Tomar et 
al. (1996) and Dubey et al. (1993) reported the increase up to 90kg 
N/ha. Grewal and Kolar (1990) reported that number of pods per plant in 
Brassica juncea L. increased significantly with the increase in N from 0 
to 100 kg/ha. Post-flowering application of urea solution significantly 
influenced the pods per plant of groundnut (Patra et al., 1995). 
Seeds per siliqua in Brassica juncea significantly increased due to 
increment in level of N from 0 to 90kg/ha (Tomar et al., 1990), while 
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Khanpara et al. (1993) reported the increase in seeds per siliqua with 
increasing levels up to 60kg N/ha in Indian mustard. Increase in seeds 
per siliqua with an increase in application of N fertilizer has also been 
reported in Brassica jiincea by Reddy and Sinha (1988), Rathore and 
Manohar (1989) and Dubey et al. (1993). The number of seeds per pod 
oi Brassica juncea increased significantly with the increase in N from 0 
to 100 kg/ha (Grewal and Kolar, 1990; Khan et al., 1990). Thakuria and 
Gogoi (1996) reported an increase in seed number under rainfed 
conditions in Indian mustard. Seed weight of combined seed samples of 
Brassica napus was increased by N application (Asare and Scarisbrick, 
1995). 1000-seed weight in Brassica juncea increased with increasing 
levels of applied N upto 60kg/ha (Khanpara et al., 1993). Patra et al. 
(1995) reported that 1000-seed kernel-weight was significantly and 
positively increased by post-flowering application of urea solution to 
groundnut. Tomar el al. (1996) reported that 1000-seed weight was 
significantly increased due to increment in the level of N from 0 to 
90kg/ha in Brassica juncea. Seed weight in Brassica juncea increased 
significantly with an increase in N level from 0 to 50kg/ha but decreased 
with the further increase in N from 50 to lOOkg/ha (Grewal and Kolar, 
1990). Thakuria and Gogoi (1996) also reported significant increase in 
1000-seed weight in Indian mustard under rainfed conditions. Increase 
in 1000-seed weight in Indian mustard under rainfed conditions with the 
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increase in N up to 60 kg/ha has also been reported by Singh and Kumar 
(1996). Reddy (1983) reported that higher fertilizer rate increased seed 
yield in linseed. Application of 80kg N/ha gave significantly higher seed 
yield in sunflower over 0kg N/ha application (Sarkar et al., 1999). An 
increase in the seed yield of sunflower has also been reported by Zaman 
and Chaudhary (1989). An increase in the seed yield of Brassica jiincea 
with the increase in applied N has been reported by Reddy and Sinha 
(1988), Rathore and Manohar (1989), Grewal and Kolar (1990), 
Chaudhary et al. (1992), Prasad and Shukla (1993), Tomar et al. (1992), 
Khan et al. (1990; 2000), Khanpara et al. (1993), Sharma (1992), Ghosh 
et al. (1995), Singh and Kumar (1996), Thakuria and Gogoi (1996), 
while the same effect on Brassica napus has been reported by Gendy 
and Marquard (1989), Grewal et al. (1993) and Asare and Scarisbrick 
(1995). Application of N showed significant positive effect on seed 
yield of Bra.ssica napus and Bras.sica campestris under irrigated 
conditions (Al-Jaloud et al., 1996). Bheemaiah et al. (1998) also 
reported increase in seed yield of castor with increased N. An 
application of 40kg N/ha significantly increased harvest index in rainfed 
mustard but was reduced at 60kg N/ha (Ghosh et al., 1995). 
2.2.2.8 N and quality characteristics 
In oilseed crops N supply affects quality characteristics. Patra et 
al. (1995) reported that with the increase in N supply the quantity of 
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soluble proteins increased in groundnut. Nitrogen levels significantly 
affected the protein content with the increase in the dose of N up to 
90kg/ha in Brassica juncea. As the N supply increased the formation of 
protein also increased (Dubey et al., 1994). Asare and Scarisbrick 
(1995) also reported relationship between applied N and seed protein in 
Brassica juncea However, Gendy and Marquard (1989) reported that 
protein contents of Brassica napus seeds increased with the increase in 
N supply. Application of N showed significantly positive effect on mean 
protein content of Brassica napus cv. Canola and Brassica campestris 
cv. Rapeseed under irrigated conditions (Al-Jaloud et al., 1996). 
Increase in protein content in rapeseed mustard with increasing rate of N 
applied has also been reported by Patil and Bhargava (1987) and 
Satayavam etal. (1999). 
2.2.3 Plant hormones 
Phytohormones play an important role in integrating many aspects 
of development and responses to environment (Ciardi and Klee, 2001). 
Regulation of hormonally controlled events can occur at the level of 
biosynthesis, catabolism, perception and signal transduction (Trewavas, 
1983; Bradford and Trewavas, 1994; Nakatsuka et al., 1998). Little 
work has been done on the hormonal changes associated with 
defoliation. Since defoliation and nitrogen application are likely to 
affect ethylene concentration or vice-versa, an attempt has been made to 
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focus on ethylene and its rate-limiting enzyme, 1-aminocyclopropane 
carboxylic acid synthase. Ethylene is gaseous phytohormones involved 
in a diverse assay of cellular, developmental and stress-related processes 
in plants. It is the simplest olefin with molecular formula H2C=CH2 and 
exists in the gaseous state under normal physiological conditions. Its 
effects on various physiological processes at different stages of plant 
growth, development, senescence, abscission and fruit ripening have 
been well documented (Abeles et al., 1992; Pua and Chi, 1993; McKeon 
et al.. 1995; Khan, 2004). Ethylene is known to exert its effects at least 
in part by altering gene expression. Effects on both transcriptional and 
post- transcriptional processes have been identified. Depending on the 
plant material and state of development, promoting or inhibiting effects 
of ethylene on intemode growth have been observed (Sisler and Yang, 
1984). Physiological conditions like water stress or drought also 
promote the ethylene synthesis in plants (Tudela and Primo-Millo, 1992; 
Bergner and Teichmann, 1993; Michelozzi el al., 1995). 
2.2.3.1 Biosynthesis of ethylene 
The biosynthetic pathway of ethylene has been well established 
(Yang and Hoffman, 1984; Kende, 1993; Moeder et al., 2002). Ethylene 
is formed from methionine (Met) through S-adenosylmethionine 
(AdoMet) and the cyclic non-protein amino acid, 1-aminocyclopropane-
1-carboxylci acid (ACC) by the action of ACC synthase and the 
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conversion of ACC to ethylene is carried out by ACC oxidase. In 
addition to ACC, ACC synthase produces 5-methylthioadenosine, which 
is utilized for the synthesis of new methionine via a modified 
methionine cycle. Considerable progress has been made in the genetic 
and molecular dissection of the ethylene-response pathway. Expansion 
of leaves by suppressing cell enlargement rather than cell division, 
increase in photosynthesis and biomass production in different plants 
(Kieber et al., 1993; Rodrigues-Pousada et al., 1993; Lee and Reid, 
1997; Hussain et al., 1999; Khan et al., 2000; 2002a, b; 2003) has been 
reported. Ethylene enhances growth indirectly by increasing the activity 
of endogenous gibberellin (Raskin and Kende, 1984). Young leaves 
generally produce ethylene at higher rates than older leaves (Burg, 1968; 
McAfee and Morgan, 1971; Morgan and Durham, 1980). Ethylene has 
been reported to enhance glutamine synthetase activity, the enzyme that 
supplies the cells with the amino acids needed for protein synthesis via 
the pathway involving glutamine synthase (Pujade-Renaud et al., 1994). 
Ethylene biosynthesis may be regulated by the activity of ACC 
synthase (Kende and Boiler, 1981) by the net transport of ACC from its 
site of synthesis in the cytoplasm (Guy and Kende, 1984a, b) to its 
probable site of conversion into ethylene in the vacuole (Guy and 
Kende, 1984a, b) and/or compartments of the cell (Yang and Hoffman, 
1984). In addition to ACC synthase activity, there also appears to be 
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other regulation point in the conversion of ACC to ethylene, high tissue 
ACC levels control the rate of ethylene formation (Kende and Boiler, 
1981; Yang and Hoffman, 1984). Appearance of ACC synthase and its 
product ACC at the beginning of ethylene biosynthesis has been 
demonstrated in every tissue studied (Boiler et ai, 1979; Jones and 
Kende, 1979; Yu and Yang, 1979) suggesting that the synthesis or 
activation of ACC synthase regulates ethylene biosynthesis. ACC 
synthase, ACC accumulation and ethylene formation are strongly 
inhibited by aminoethoxyvinylglycine (Konze and Kwiatkowski, 1981). 
ACC in transported in the vascular system of the plants and is present in 
relatively low amounts, however, exposure to some types of stress can 
increase ACC and ethylene synthesis (Bradford and Yang, 1980a, b; 
Hoffman et al., 1983a, b). ACC synthesis increases in flooded roots 
from where it is transported in the xylem to the shoots and causes an 
increase in ethylene production in leaves and petioles, which then 
exhibit a number of changes in growth and development. These changes 
may constitute physiologically active messages that modify shoot 
physiology and development (Jackson and Campbell, 1978). Kende and 
Boiler (1981) reported an increase in the rate of ethylene synthesis, the 
level of ACC and the activity of ACC synthase activity in wounded 
tomato fruits. Ligero et al. (1986), Zaat et al. (1989), Ligero et al. 
(1991) reported that root infection by Rhizobium increased the ethylene 
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evolution rate markedly leading to changes in root development, 
however, treatment with aminoethoxyvinylglycine at the time of 
inoculation significantly inhibited ethylene biosynthesis and stimulated 
nodule formation in alfalfa (Peters and Crist-Estes, 1989). Increase in 
ACC levels in organs distal to leaves prompted the proposal that ACC is 
a mode of inter organ transport of an ethylene signal (Finlayson et al., 
1991). Inter organ transport of ACC was also shown by several authors 
(Bradford et al., 1982; Amrhein et al., 1981; Reid et al., 1984; Fuhrer 
and Fuhrer-Fries, 1985; Mor et al., 1985; Nichols and Frost, 1985; 
Guiragossian and Koning, 1989; Woltering, 1990; Tudela and Primo-
Millo, 1992; Esle e/a/., 1995). 
ACC occurs both in free form and as a conjugate with malonic 
acid, 1-malonyl aminocyclopropane-1-carboxylic acid in several plant 
tissues (Hoffman et al., 1982). ACC accumulates concomitantly with a 
rapid burst in ethylene production in the early stages of plant response 
to stress (Yu and Yang, 1980; Konze and Kwiatkowski, 1981). ACC is 
controlled among other factors by ACC synthase and ACC oxidase 
activities (Amrhein et al., 1981; Hoffman et al., 1982; Kende, 1993). 
ACC can also be conjugated to l-(malonylamino) cycloproponane 1-
carboxylic acid (Van Loon and Fontaine, 1984; Fuhrer and Fuhrer-Fries. 
1985; Jiao et al., 1986; 1987; Bouzayen et al., 1988; 1989; Martinez-
Reina et al., 1996) or 1-Y-L-glutamylamino, cyclopropane-1-carboxylic 
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acid (Martin et al., 1995; Martinez-Reina et al., 1996). 
2.3 Conclusion 
It is known that mustard is an important crop of tropical and sub-
tropical regions of the world characterized by the production of large 
amount of biomass due to supra-optimal leaf area indices. Its biomass 
production and productivity respond favourably to N inputs. Large 
volume of data is available in the literature showing positive effects of 
N on growth and productivity of the crop. Since the crop is used for 
green tissue and seeds, N is applied indiscriminately in an effort to 
enhance the desired characteristics. With the advancement in knowledge 
it has become clear that one can not afford to large amounts of N inputs 
for productivity gain because N may put serious economic and 
ecological concerns. The option seems to reduce the N inputs but this 
may adversely affect productivity of the crop. The option left is to 
manage the crop to have efficient leaf area indices for maximal 
production of photosynthates and efficient utilization of soil-applied N. 
As discussed in the previous pages that defoliation brings about increase 
in morphological, physiological and yield characteristics in various 
plants, including mustard, the present thesis reports an effort of 
management of nitrogen utilization through removal of 50% leaves on 
the lower axis of plant, which are below photosynthetic light 
compensation point. There contribution as photosynthates accumulation 
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exceeds the use of nutrients and water for their sustenance at later stages 
of life cycle. It is added that this study involving assay of biomolecules 
may lead to the identification of some signal metabolites, which may be 
targeted to have desired plant ideotype 
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Chapter - 3 
MATERIAL AND METHODS 
The chapter deals with the techniques and methodology used for 
the experimentation and estimation of various parameters during the 
course of the present study. 
3.1 Experimental Material 
Seeds of Indian mustard {Brassica juncea L. Czern & Coss.) cv. 
Alankar were obtained from Regional Research Centre, Kanpur, India 
and used as the experimental material. 
3.1.1 Nomenclature 
The oleiferous Brassicas grown in India are divided into four 
groups. 
1. Brown mustard: commonly known as rai, raya or laha {Brassica 
juncea L. Czern & Coss.) 
2. Sarson 
a. Yellow sarson : Brassica campesins L. var. Sarson Prain 
b. Brown sarson : Brassica campesins L. var. Dichotoma Watt 
3. Toria : lahi or maghi lahi Brassica campesins L var. Toria Duth 
4. Taramira or Tara (Eruca saliva Mill ) 
In addition, there are two other species, namely Brassica nigra 
Koch. (Banarasi rai) and Brassica juncea var. Rugosa (Pahadi rai). 
These do not fall under any of the four groups. These are moreover 
grown to a limited extent. Mustard (Brassica juncea L. Czern & Coss.) 
is the dominant species grown in India (Prakash, 1980). 
3.1.2 Botanical Description 
Rape and mustard include annual herbs. Roots in general, are long 
and tapering. Toria is more or less a surface feeder but brown sarson has 
long roots with limited lateral spread enabling its successful cultivation 
under drier conditions. The height of the stem varies from 0.45 m (in 
some varieties of Toria) to 1.90 m (in yellow sarson). In Toria and 
Brown Sarson, the branches arise at an angle of 30° to 40°. In yellow 
sarson, the branches arise laterally at an angle of about 10° to 20° and 
give the plant a narrow and pyramidal shape. The inflorescence is a 
corymbose raceme. In the case of yellow sarson, the four petals are 
spread apart, whereas in brown sarson and toria, the petals overlap or 
may be placed apart, depending upon the cultivar. The flowers bear a 
hypogynous ovary. In brown sarson and toria, the ovary is bicarpellary, 
whereas in the case of yellow sarson, it may also be tri-or tetra-
carpeilary. 
The fruit is siliqua. The pods are two-valved, three-valved or 
four-valved, depending upon the number of carpels in the ovary. The 
flowers begin to open from 8.00 h and continue upto 12 noon. 
.->! 3-.•', , • i ' - : - . j * v 
Lower leaves 
(PAR<500n mol m'^ s"') 
Below light 
compensation point 
Plate 1: (A) mustard field and (B) Leaves in lower layers of axis of mustard 
(Brassicajuncea L.). 
3.1.2.1 Genomic Relationships of Brassica juncea 
The modern understanding of genomic relationships among the 
Brassica species and cytological evidence show that Brassica napa (n = 
10; A), Brassica nigra (n = 8; B) and Brassica oleracea (n = 9; C) are 
primary species, and Brassica juncea (n = 18; AB) is an amphidiploid 
resulting from a cross between Brassica napa and Brassica nigra 
(Morinaga, 1934). 
3.1.2.2 Canopy Orientation in Mustard 
Canopy structure refers to the amount and organization of above-
ground plant material, including the size, shape and orientation of plant 
organs such as leaves, stems, flowers and fruits (Norman and Campbell, 
1989). Thus, canopy structure has a major influence on the exchange of 
mass and energy between plants and their environment. Like other plant 
communities, mustard also has its own unique spatial pattern displaying 
photosynthetic surfaces and hence for intercepting the photosynthetic 
photo flux. Leaf orientation is the angle formed clockwise from north to 
the horizontal projection of the axis. It is random for many canopies and 
is important in determining interception of photosynthetic photon flux, 
arise at an angle of 30-40° in brown mustard and toria and 10-20° in 
yellow sarson, thereby, give the plant a pyramidal shape and cause 
shading effect on the lower leaves (Plate I A). 
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3-2 Experimental Site 
Three field experiments were conducted during "rabi" (winter) 
season from 2000-2003 at the Experimental Field, Aligarh Muslim 
University, Aligarh, India. The experimental period stretches from 
October to March. Aligarh is situated at 27°52'N, 78°51'E and 187.4 m 
altitude above sea level in the mid of Doab-the land between the Ganga 
and Yamuna rivers at a distance of 130 km southeast of Delhi on the 
Delhi-Howrah rail route. 
3.3 Agro-Climatic Conditions of Aligarh 
Aligarh experiences semi arid and subtropical climate, with hot 
dry summer and cold winters. The winter varies from the middle of 
October till the end of March. 
The temperature in December and January reaches as low as 15°C 
and 13°C, and lowest recorded for any single day is 2°C and 0.5°C 
respectively. The summer season extends from April to June. In this 
season maximum temperature sometimes reaches to 46°C in the month 
of June. 
The mean annual rainfall is about 847.3 mm. More than 85% of 
the total downpour is delivered during a short span of four months from 
June to September. The remaining rain showers are received during 
winter. Winter rainfall is useful for mustard crop. 
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3.4 Soil Characteristics 
Before the beginning of each experiment, soil samples from 
various spots of the experimental field were collected randomly at a 
depth of 15cm. A composite sample was prepared after thoroughly 
mixing the collected samples for the analysis of N availability. 
Generally, the soil was sandy loam (Alfisols with Ustochrept type). 
Moisture content of soil collected from various sites in the experimental 
field used for the three experiments at different sampling times is given 
in Table 1. 
3.5 Experimental Lay-Out and Experimentation 
The treatments in each experiment were arranged in a randomized 
block design with three replications. The individual plot size was lOm^ 
(5 X 2m). Calender of field operations for the experiments (Table 2) 
shows time of experimentation, treatment and data collection. The 
environmental conditions during the sampling times for the Experiment 
1, Experiment 2 and Experiment 3 are given in Figure 1, Figure 2 and 
Figure 3, respectively. The seeds were sown by the usual behind the 
plough method at a rate of lOkg/ha. A distance of 30cm between rows 
and 15cm between plants in each row was maintained. After 
establishment of the crop, i.e. after 12DAS, seedlings were thinned to 
maintain a uniform plant population of 12plants/m^. In order to check 
the aphid contagion, if any, insecticidal spray of Dimecron-100 was 
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Table 1: Moisture content (%) of soil collected from various sites in the 
experimental field at 0, 40, 60, 80, 100 and 120d after sowing (DAS) 
corresponding to sowing, pre-flowering, post-flowering, pod-fill, pod-maturity 
and harvest stages, respectively of plant cycle. The values represent mean ± 
S.E. (n=10) 
Sampling time 
(DAS) Experiment 1 Experiment 2 Experiment 3 
0 
40 
60 
80 
100 
120 
12.60±1.5 
11.33±1.5 
9.22±0.9 
8.61±0.6 
6.33±0.4 
4.91±0.4 
12.66±1.8 
11.00±1.2 
9.70±0.8 
8.36±0.7 
6.66±0.5 
4.90±0.5 
12.85±1.1 
11.72±1.1 
10.03±0.9 
8.71±0.6 
7.22±0.8 
5.23±0.6 
Table 2: Calendar of field operations 
Operations 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Preparation tillage 
A. Ploughing 
B. Leveling 
Layout and sowing 
A. Layout 
B. Sowing 
Treatments 
A. Defoliation 
a. Pre-flowering 
b. Post-flowering 
B. Nitrogen 
a. Basal N 
b. Top dressing N 
i. First dose 
ii. Second dose 
Thinning 
Weeding 
A. First 
B. Second 
Sampling 
A. First samph'ng 
B. Second sampling 
C. Third sampling 
D. Fourth sampling 
Harvesting 
Date of operation 
Exp 1 
2000-2001 
03.10.2000 
06.10.2000 
10.10.2000 
12.10.2000 
21.11.2000 
11.12.2000 
12.10.200 
-
-
26.10.2000 
01.11.2000 
30.11.2000 
21.11.2000 
11.12.2000 
31.12.2000 
20.01.2001 
25.03.2001 
Exp 2 
2001-2002 
02.10.2001 
07.10.2001 
09.10.2001 
11.10.2001 
20.11.2001 
— 
11.10.2001 
— 
-
27.10.2001 
31.10.2001 
22.11.2001 
20.11.2001 
10.12.2001 
30.12.2001 
19.01.2002 
27.03.2002 
Exp 3 
2002-2003 
04.10.2002 
07.10.2002 
09.10.2002 
10.10.2002 
19.11.2002 
— 
10.10.2002 
19.11.2002 
09.12.2002 
25.10.2002 
28.10.2002 
18.11.2002 
19.11.2002 
09.12.2002 
29.12.2002 
18.01.2003 
26.03.2003 
o 
t 
s 
D 
> 
C/3 
< 
5 
3 
00 o 
3 t 
CD ! ^ 
o S 
o 
1-1 
3 
o 
3 
fa o 
< 
— S3 
a. 
3 
I 
Temperature 
Photosvnthctically active radiation 
(H mol m"^  s"') 
H- — H- to to 
- J 00 ^O O H-
t o to 
to U) lO to 00 vO O 
O O 
o o 
o 
to 
o 
o o 
o o 
4^ 
o 
3 
cro 
> 
ON 
o 
00 
o 
o -
o 
c 
3 
5-
I 
n 
o 
to 
O 
o 
3 
O 
ft) 
3 
O 
3 
O 
OS O 
OO 
O 
o 
o 
Atmosphenc COj 
(fimol mol"') Humiditv (%) ' 
U> L>J LO 
to U> 4^ 
O O O o 
ON 
O 
U> U) 4* 
00 'O O 
o o o 
(.ft 
o (O ^ ^ OS 00 
ON ON 
O to g; 
4^ 
o 
C/2 
S3 
3 
3 
00 
> 
en 
O N 
O 
00 
O 
O 
O 
I 
o 
^ 
s OQ 
^-v 
D 
> 
'—' 
i T3 
tg 
3 
O 
3 
3 S 
K> 
T l 
CfO 
c 
3 
K> 
< P 
& 
O 
3 
B 
T3 
o 
"t 
ft 
O 
P 
•< 
P ft 
pi 
o. 
1 
ft 
^ T3 (D 
-1 
cr 
c 
3 
5-
CL 
3 
o 
t/> 
•a 
o 
n 
o 
to 
o 
o 
s 
o 
o 
3 
o 3 
P 
O 
OS 
JO 
oc 
o 
o 
o 
o. 
p 
f* 
&n 
p 3 
•o 
5 (W 
3 
a 
> CO 
en 
p 3 
•a 
3 
CTQ 
r-K 
3 
fD 
a 
> en 
• ^ ^ 
o 
OS 
o 
00 
o 
o o 
•t^ 
o 
Os 
o 
00 
o 
^ 
o 
o 
Temperature 
CC) 
Photosynthctically active radiation 
(H mol m"^  s"') 
00 
—r-
to 
o 
VO O O 
S> s o O H-Os O O O 
o 
hJ 
o 
o 
u> 
o 
o 
4^ 
o 
o 
Ln 
o 
Atmosphenc CO2 
(nmol mol') Humidit> (%) ' 
S J o j + ^ - L f t O s - J o e s o o 
0 0 0 0 0 0 0 0 0 4^ Os 00 
OS 
O 
OS OS 
to *. OS Os 0\ 00 
o 
I 
a 
> 
C/3 
(g 
ere 
c 
3 
< 
p 
5 
3 
5 
T! 
a-S 
o 
en 
f t 
•T3 
n 3 
3 
p 
v : 
p 
f j 
< 
Du 
O 
3 
"13 
»? 
p 
3 
00 
3 
en 
a 
> 
CO 
Temperature 
Photosynthetically active radiation 
(H mol m"^  s"') 
o >-
M to (vj SJ K) 00 
O 
o o 
o ^ 
o o 
o 
o 
o o o 
U) *>. Lft 
o o o 
as 
o 
00 
o 
o 
o 
a-
ft? 
en 
• a 
o 
o 
O 
o 
Atmosphenc CO2 
(Hmol mol') 
L>J U> U> 
K> U> 4^ 
0 0 0 o o 
o 
Humidity 
(%) 
o 
00 
o o o w 
'-Jt 0^ O OS O N OS 00 
 
o 
3 
o 
CD 
3 
i 
o 
3 
-fe. 
_o 
00 
o 
00 
p 
3 
"H-
3 
CTQ 
> 
t/3 
ON 
O 
00 
o 
o 
o 
a-
p 
» 
o 
o 
done with a hand spray. Weeding was done twice during the entire crop 
season to keep the experimental field free of weeds. Before sowing 
201itre/m^ irrigation was given to all plots. Thereafter, this amount of 
irrigation was done at SODAS. Soil analysis for N was done prior to 
each experiment, and is presented in Figure 4. Experiments 2 and 3 
employ application of N and, therefore, available soil N content was 
taken into consideration for deciding levels of N application and 
maintaining the treatments. 
3.5.1 Experiment 1 
The experiment was conducted in the winter season of 2000-2001. 
Seeds were sown on 12*'' October, 2000 and harvesting was done on 25*'' 
March, 2001. The aim of the experiment was to observe the effects of 
time of defoliation of 50% lower leaves on plant axis on growth and 
physiological characteristics, N assimilation and yield characteristics. 
There were 12 leaves on the plant axis at 40DAS. Out of total leaves 
present on the plant axis at 40DAS, 50% of leaf number on the lower 
half axis was removed by excising leaf blades either at 40 (pre-
flowering) or 60 (post-flowering) DAS. In control plants the leaves were 
left intact. The treatments were arranged in a randomized block design. 
The scheme of treatments is given in Table 3 and ANOVA mode! in 
Table 4. The degree of defoliation treatment was selected on the basis of 
earlier experience of N. A. Khan and associates. They found that 
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Figure 4: Available soil N of the experimental field used for Experiment 1. Experiment 2 and 
Experiment 3. The values represent an average often soil samples (Mean ± S.E.) 
Table 3: Scheme of treatments for Experiment 1. 
Treatments Description 
No defoliation control No defoliation done (leaves left intact) 
n r 1- .• . ^^nAa Defoliation of 50% leaves on lower layers of plant Defoliation at 40D AS . , .^AT^AC^ n • \ 
axis done at 40DAS (pre-flowermg) 
T^  r I .u: x^nr^Ac Defoliation of 50% leavcs on lower lavcrs of plant Defoliation at 60DAS . , ^ ,„T^ . „ , ^ „ • . ^ 
axis done at 60DAS (post-flowenng) 
Crop : Mustard {Brassica juncea L. Czem & Coss.) cv. Alankar 
Experimental design : Randomized block design 
Plants were treated with a uniform soil application of 120kg N/ha as urea, 30kg 
P/ha as single superphosphate and 180kg K/ha as muriate of potash 
Table 4: ANOVA model for Experiment 1. 
Source of 
variation df SS MSS F-value 
Replication 
Treatments 
Error 
Total 
defoliation of 50% lower leaves at 40DAS brings about beneficial 
effects on plant growth and yield. Moreover, removal of 50% upper 
leaves had detrimental effects on the growth and physiology of plant. 
However, no study was conducted on the comparison of stage of 
defoliation on plant growth, physiology and yield. This study was 
conducted to generate the information on the comparison of the effects 
of defoliation either at 40 or 60DAS. Each treatment was replicated 
three times. The plants were grown with a uniform soil application of 
120kg N/ha as urea 30kg P/ha as single super phosphate and 180kg K/ha 
as muriate of potash at the time of sowing so as the nutrients may not be 
the limiting factor. The available soil N was 130kg/ha (Figure 4). 
3.5.2 Experiment 2 
The experiment was conducted during the winter season of 2001-
2002. The sowing of the seeds was done on 11'^ October, 2001 and the 
crop was harvested on 27"^ March, 2002. The aim of the experiment was 
to examine and examine the efficacy of defoliated and non-defoliated 
plants in the acquisition of N when they were grown with different N 
levels. Of total number of leaves on the axis of plant 50% on lower axis 
was defoliated at 40DAS (selected on the basis of findings of 
Experiment 1) and the plants were treated with soil application of N as 
urea at the rate of 0, 60, 100 or 150kg N/ha at the time of sowing. In 
control group of plants leaves were not defoliated and left intact, but 
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with the similar rates of N application. The treatments were arranged in 
a complete randomized block design. Since the available soil N was 
lOOkg/ha (Figure 4), the available soil N may also be designated as 100, 
160, 200 and 250kg N/ha. Sufficient P (30kg P/ha) and K (180kg K/ha) 
were added as single super phosphate and muriate of potash, 
respectively so as to be non-limiting to plant growth. The standard plant 
cultivation practices were followed. Scheme of treatments is giveii in 
Table 5 and ANOVA model for the experiment in Table 6. 
3.5.3 Experiment 3 
Experiment 3 was conducted during the winter season of 2002-
2003 Sowing of seeds was done on lO"" October, 2002 and produce was 
harvested on 26"' March, 2003. The available soil N for this experiment 
was 100kg N/ha (Figure 4). In this experiment N was given as single 
basal application of 150kg N/ha at the time of sowing or as split in two 
doses; 100kg N/ha given at the time of sowing and 50kg N/ha at 40 or 
60DAS. The basal application of 150kg N/ha was also split as; 75kg 
N/ha given at the time of sowing and rest 75kg N/ha at 40 or 60DAS. 
These N applications were given to defoliated (50% lower leaves as in 
earlier experiments) and no defoliated control plants. Thus the 
treatments in respect of soil treated with N were: BN100+N50(40d) [soil 
treated with 100kg N/ha at the time of sowing and 50kg N/ha at 
40DAS], BN100+N50(60d) [soil treated with 100kg N/ha at the time of 
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Table 5; Scheme of treatments for Experiment 2. 
Treatments Description 
No defoliation 
N levels (kg/ha) 
0 
60 
100 
150 
Defoliation 
N levels (kg/ha) 
0 
60 
100 
150 
Plants were treated with soil-applied 0kg N/ha and no 
defoliation done 
Plants were treated with soil-applied 60kg N/ha and no 
defoliation done 
Plants were treated with soil-applied 100kg N/ha and 
no defoliation done 
Plants were treated with soil-applied 150kg N/ha and 
no defoliation done 
Plants were treated 
defoliation of 50% 
done at 40DAS 
Plants were treated 
defohationof50% 
done at 40DAS 
Plants were treated 
defoliation of 50% 
done at 40DAS 
Plants were treated 
defoliation of 50% 
done at 40DAS 
with soil-applied 0kg N/ha and 
leaves on lower layers of plant axis 
with soil-applied 60kg N/ha and 
leaves on lower layers of plant axis 
with soil-applied 100kg N/ha and 
leaves on lower layers of plant axis 
with soil-applied 150kg N/ha and 
leaves on lower layers of plant axis 
Crop : Mustard {Brassicajuncea L. Czem & Coss.) cv. Alankar 
Experimental design : Randomized block design 
Source of N : Urea 
Plants were treated with a uniform soil application of 30kg P/ha as single 
superphosphate and 180kg K/ha as muriate of potash 
Table 6: ANOVA model for Experiment 2. 
Source of 
variation df SS MSS F-value 
Replication 2 
Treatments 7 
Error 14 
Total 23 
sowing and 50kg N/ha at 60DAS], BN75+N75(40d) [soil treated with 
75kg N/ha at the time of sowing and 75kg N/ha at 40DAS], 
BN75+N75(60d) [soil treated with 75kg N/ha at the time of sowing and 
75kg N/ha at 60DAS] and BN150 [soil treated with 150kg N/ha at the 
time of sowing]. Basal application of 150kg N/ha (BNI50) was selected 
on the basis of Experiment I in which it proved most effective in 
producing the effects in comparison to other N treatments. The 
treatments were arranged in a complete randomized block design. These 
treatments can also be described in terms of available soil N as: 
N200+N50(40d) [available N 200kg/ha at the time sowing and 50kg 
N/ha given at 40DAS], BN200+BN50(60d) [available N 200kg/ha at the 
time of sowing and 50kg N/ha given at 60DAS], N175+N75(40d) 
[available N 175kg/ha at the time of sowing and 75kg N/ha given at 
40DAS], N175+N75(60d) [available N 175kg/ha at the time of sowing 
and 75kg N/ha given at 60DAS] and N250 [total available soil N 
250kg/ha at the time of sowing]. Sufficient P (30kg P/ha) and K (180kg 
K/ha) were added as single super phosphate and muriate of potash, 
respectively so as to be non-limiting to plant growth. Scheme of 
treatments is given in Table 7 and ANOVA model for the experiment in 
Table 8. 
The observations recorded and sampling times were similar as 
described for Experiment 1. 
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Table 7: Scheme of treatment for Experiment 3. 
Treatments Description 
No defoliation 
N levels (kg/ha) 
BN150 
BN100+N50(40d) 
BN75+N75(40d) 
BN100+N50(60d) 
BN75+N75(60d) 
Defoliation 
N levels (kg/ha) 
BN150 
BN100+N50(40d) 
BN75+N75(40d) 
BN100+N50(60d) 
BN75+N75(60d) 
Plants treated with single basal application of 150kg N/ha 
at the time of sowing and no defoliation done 
Plants treated with 100kg N/ha given at the time of 
sowing and 50kg N/ha at 40DAS (pre-flowering) and no 
defoliation done 
Plants treated with 75kg N/ha given at the time of sowing 
and 75kg N/ha at 40DAS (pre-flowering) and no 
defoliation done 
Plants treated with 100kg N/ha given at the time of 
sowing and 50kg N/ha at 60DAS (post-flowering) and no 
defoliation done 
Plants treated with 75kg N/ha given at the time of sowing 
and 75kg N/ha at 40DAS (pre-flowering) and no 
defoliation done 
Plants were treated with single basal application of 150kg 
N/ha at the time of sowing and defoliation of 50% leaves 
on lower layers on plant axis done at 40DAS (pre-
flowering) 
Plants treated with 100kg N/ha given at the time of 
sowing and 50kg N/ha at 40DAS (pre-flowering) and 
defoliation of 50% leaves on lower layers on plant axis 
done at 40DAS 
Plants were treated75kg N/ha given at the time of sowing 
and 75kg N/ha at 40DAS (pre-flowering) and defoliation 
of 50% leaves on lower layers on plant axis done at 
40DAS 
Plants treated with 100kg N/ha given at the time of 
sowing and 50kg N/ha at 60DAS (post-flowering) and 
defoliation of 50% leaves on lower layers on plant axis 
done at 40DAS 
Plants were treated75kg N/ha given at the time of sowing 
and 75kg N/ha at 60DAS (post-flowering) and defoliation 
of 50% leaves on lower layers on plant axis done at 
40DAS 
Crop : Mustard {Brassica jimcea L. Czem & Coss.) cv. Alankar 
Experimental design ; Randomized block design 
Source of N ; Urea 
Plants were treated with a uniform soil application of 30kg P/ha as single 
superphosphate and 180kg K/ha as muriate of potash 
Table 8: Model of ANOVA, Experiment 3. 
S"" '^"^ df SS MSS F-value 
vanation 
Replication 2 
Treatments 9 
Error 18 
Total 29 
3.5.4 Plant sampling 
The data on growth and photo synthetic characteristics, N 
assimilation, biochemical characteristics and ethylene biosynthesis were 
recorded at 40, 60, 80 and lOODAS. At maturity (120DAS) yield 
characteristics were noted. Crop growth rate, relative growth rate and 
unit leaf rate were calculated for the period 80-100DAS. The growth 
stage at 40, 60, 80 and lOODAS are described as pre-flowering, post-
flowering, pod fill and pod maturity, respectively (Khan et al., 1998; 
Khan and Samiullah, 2003). At each sampling time, five plants from 
each treatment and replication were uprooted, brought to laboratory in 
polythene bags for determination of various characteristics. The 
procedures adopted and methodologies used in the determination of 
characteristics are described in detail under separate headings in the 
following pages. 
Plants were harvested by cutting at the ground level from each 
plot. The harvested plants were sun-dried, threshed to collect the seeds. 
The details are given in the following pages under the heading yield 
characteristics. 
3.5.5 Chemicals 
Reagents and chemicals used in the study were of Analytical 
Grade obtained from Sigma or s.d. fine Chemicals. 
3.5.6 Biometric Observations 
As mentioned earlier observations were carried out at 40, 60, 80 
and lOOd after sowing and at maturity (120DAS). 
3.5.6.1 Growth Characteristics 
The following growth characteristics were studied. 
1. Leaf number per plant 
2. Leaf area per plant 
3. Fresh mass per plant 
4. Dry mass per plant 
5. Leaf dry mass per plant 
6. Stem dry mass per plant 
7. Pod dry mass per plant 
8. Leaf mass ratio 
9. Stem mass ratio 
10. Leaf area ratio 
11. Crop growth rate 
12. Relative growth rate 
13. Unit leaf rate 
3.5.6.1.1 Leaf number per plant 
Number of functional leaves on plant axis was counted and 
recorded as leaf number per plant. 
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3.5.6.1.2 Fresh mass per plant 
Plants were uprooted carefully from the plots, washed to remove 
dust, if any and fresh mass was recorded. 
3.5.6.1.3 Dry mass per plant 
The plants of which fresh mass was taken were separated into 
leaf, stem and pod, and were dried separately in hot-air oven at 80°C till 
constant weight. The dried material was weighed on electrical balance 
and the weight was recorded as dry weight of different plant parts as 
well as their sum as plant dry mass. 
3.5.6.1.4 Leaf area per plant 
Leaf area of functional plant leaves was determined with a LA21 
leaf area meter {Systronics, Ahmedabad, India) 
3.5.6.1.5 Leaf mass ratio 
Leaf mass ratio was calculated as the ratio of leaf dry mass per 
plant to plant dry mass. 
3.5.6.1.6 Stem mass ratio 
Stem mass ratio was calculated as the ratio of stem dry mass per 
plant to plant dry mass. 
3.5.6.1.7 Leaf area ratio 
Leaf area ratio was represented as leaf area of unit leaf weight. 
3.5.6.1.8 Crop growth rate 
Dry matter accumulation per plant per unit land area in a unit time 
6.1 
is expressed as crop growth rate (CGR). It was calculated by using the 
formula proposed by Watson (1952). 
dw 
CGR = 
dt 
where dw = difference in dry mass in given time/plant 
dt = time interval 
3.5.6.1.9 Relative growth rate 
Relative growth rate (RGR) is the increase in dry mass in unit 
time interval in relation to the initial mass. It was calculated by the 
formula proposed by Radford (1967). 
In W2 - In Wi 
RGR = 
t 2 - t l 
2.303 ( logioW2-log,oW,) 
i.e. RGR = 
t 2 - t , 
where W] = Dry mass of plant at growth stage I 
WT = Dry mass of plant at growth stage II 
ti - Days to sampling at growth stage 1 
t2 = Days to sampling at growth stage II 
In = Logrithm to base e 
logio = Logrithm to base 10. 
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3.5.6.1.10 Unit leaf rate 
Unit leaf rate (ULR) is the increase in weight per unit leaf area in 
unit time. It was calculated by using the formula proposed by Milthorpe 
and Moorby (1979). 
W2 - Wi (In L2 - In Li) 
ULR = X 
t2 - ti L2 - Li 
where Wi = Dry weight per plant at growth stage I 
W2 = Dry weight per plant at growth stage II 
ti = Days to sampling at growth stage I 
t2 = Days to sampling at growth stage II 
Li = Leaf area per plant at growth stage I 
L2 = Leaf area per plant at growth stage II 
In = Logarithm to base e 
Logio = Logarithm to base 10 
3.5.6.2 Photosynthetic Characteristics 
The following photosynthetic characteristics were observed: 
1. Chlorophyll content 
2. Carbonic anhydrase activity 
3. Net photosynthetic rate 
4. Stomatal conductance 
5. Intercellular CO2 concentration 
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6. Intrinsic water-use efficiency 
3.5.6.2.1 Chlorophyll content 
Total chlorophyll was extracted by adopting the method of Hiscox 
and Isrelstam (1979) by using dimethyl sulphoxide as extraction 
medium, and estimated by the method of Arnon (1949). 
3.5.6.2.1.1 Extraction 
Fresh leaves (100 mg) were cut into small pieces and collected in 
test tubes containing 7.0 ml of dimethyl sulphoxide (DMSO). The test 
tubes were covered with black paper and incubated at 45°C for 40 
minutes for extraction. The reaction mixture was transferred to a 
graduated tube and the final volume was made up to 10.0 ml with 
DMSO. The chlorophyll content in the extraction medium was estimated 
immediately. 
3.5.6.2.1.2 Estimation 
3.0 ml of the chlorophyll extract was transferred to a cuvette and 
the absorbance was read at 645 and 663nm on SL164 UV-Vis 
spectrophotometer {Elico, Hyderabad, India). 
3.5.6.2.1.3 Calculation for chlorophyll content 
Total chlorophyll content was calculated according to the 
equation given by Arnon (1949). 
V 
-1 Total Chlorophyll (mg g"' leaf fresh mass) = [20.2 (OD645) + 8.02 (OD663)] x 
lOOOxW 
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where, V = volume of the extract 
W = mass of the leaf tissue taken 
3.5.6.2.2 Assay of carbonic anhydrase activity 
Carbonic anhydrase (CA) facilitates the supply of CO2 to the 
carboxylation sites. It catalyzes the reversible hydration of carbon 
dioxide (Raven, 1995; Khan et al., 2004). 
CA 
H2O + CO2 -^  H^ + HCOs" 
3.5.6.2.2.1 Estimation 
Carbonic anhydrase activity was estimated by adopting the 
method of Dwivedi and Randhava (1974). Leaves used for 
photosynthesis determination were used for the enzyme assay. Leaves 
were cut into small pieces (2-3mm length) in 10ml 0.2M cystein in a 
Petri dish at 0-4°C. The solution adhering at the leaf surface was 
removed with the help of blotting paper followed by immediate transfer 
of leaves to a test tube having 4ml of phosphate buffer (pH 6.8). Four ml 
of 0.2M sodium bicarbonate in 0.02M sodium hydroxide solution and 
0.2ml 0.002% bromothymol blue indicator were added to the tubes. The 
tubes were kept at 4°C for 20 minutes. 
CO2 librated during catalytic action of enzyme on sodium 
bicarbonate was estimated with titration of the reaction mixture against 
0.05N hydrochloric acid, using methyl red as an indicator. The control 
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reaction mixture was also titrated against 0.05N hydrochloric acid. The 
difference of the sample and control readings was noted for the 
calculation of the enzyme activity. 
3.5.6.2.3 Net photosynthetic rate, stomatai conductance and 
intercellular CO2 concentration 
The net photosynthetic rate, stomatai conductance and 
intercellular CO2 concentration were measured in fully expanded 
uppermost leaves of four plants in each treatment using infra red gas 
analyzer LiCOR-6200 portable photosynthesis system [Nebraska, USA). 
The fully expanded leaves used for measurements included new leaves 
emerged following defoliation treatment. The measurements were done 
between 1100-1200 h at saturating light intensity. The values for 
photosynthetically active radiation (PAR), temperature, humidity and 
atmospheric CO2 concentration at each sampling time is shown in 
Figures 1-3 
3.5.6.2.4 Intrinsic water-use efficiency 
Intrinsic water-use efficiency was calculated according to the 
formula proposed by Dudley (1996). 
Net photosynthetic rate 
WUE = 
Stomatai conductance 
3.5.6.3 N Assimilation 
Following characteristics were determined to determine N 
68 
assimilation. 
1. Nitrate reductase activity 
2. Nitrite reductase activity 
3. Glutamine synthetase activity 
4. Plant N concentration 
5. Plant N content 
Activities of nitrate reductase, nitrite reductase and glutamine 
synthetase were determined in leaves that were used for photosynthetic 
measurements. 
3.5.6.3.1 Assay of nitrate reductase activity 
Nitrate reductase (NR) catalyses the reduction of nitrate to nitrite. 
NR 
NO3" + NADH + H •NO2" + NAD + H2O 
The enzyme activity was estimated by the method proposed by 
Jaworski (1971), which is based on the reduction of nitrate to nitrite and 
the nitrite formed was determined spectrophotometrically. 
200mg leaf tissue were taken in polythene vials and to each vial 
2.5ml of phosphate buffer (pH 7.5) and 0.5ml of 0.2M potassium nitrate 
solution were added, followed by the addition of 2.5ml of 5% 
isopropanol. In order to avoid bacterial growth, 2 drops of 
chloramphenicol solution were added to the medium. Each vial was 
incubated for 2 h in dark at 30°C. After incubation 0.4ml of the reaction 
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mixture was taken in different test tubes. To each test tube 0.3ml each of 
1% sulphanilamide and 0.02% napthylethylenediamine dihydrochloride 
(NED-HCl) were added. The test tubes were kept for 20 minutes for 
maximum colour development. The reaction mixture in each test tube 
was diluted to make the volume 5ml with double distilled water. The 
optical density of the solution was read at 540nm on SL-164 UV-VIS 
spectrophotometer (Elico, Hyderabad, India) using a blank 
simultaneously. 
3.5.6.3.1.1 Standard curve for nitrate reductase 
30mg sodium nitrite was dissolved in 100ml double distilled 
water. From this solution, 0.8ml was taken and again diluted to 100ml. 
From this diluted solution ten concentrations viz., 0.2, 0.4, 0.6, 0.8, 1.0, 
1.2, 1.4, 1.6, 1.8 and 2.0ml were taken in separate test tubes. To each 
test tube, 0.3 ml each of 1% sulphanilamide and 0.02% NED-HCl were 
added. The solutions were diluted to 5ml and optical density was read at 
540nm using blank on SL-164 UV-VlS spectrophotometer (Elico, 
Hyderabad, India). A standard curve was plotted using the selected 
concentrations of sodium nitrite versus optical density. The optical 
density of the sample was compared with a calibrated curve and nitrate 
reductase activity was calculated. 
3.5.6.3.2 Assay of nitrite reductase activity 
Reduction of nitrite to ammonia is catalyzed by nitrite reductase 
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(NiR). Nitrite is directly reduced to ammonia without the liberation of 
free intermediates by nitrite reductase. 
NO,- ^ f • N H / 
The nitrite reductase activity was assayed using methyl viologen 
as reductant adopting the procedure detailed by Lillo (1984). The 
extraction was done at 4°C. 
5g leaf tissue was homogenized in 50 ml Tris-HCl buffer (pH 7.5) 
in a blender for 3 minutes to force the homogenate to flow through 
multilayered cheese cloth. The filtrate was used as source for the 
enzyme. 
A reaction mixture was prepared by mixing 6.25ml of Tris-HCl 
buffer, 2ml of sodium nitrite, 2ml methyl viologen solution and 14.75 
ml double distilled water. A 0.3ml of enzyme extract was taken in 
different test tubes and 1.5ml of reaction mixture was added to it. To 
start the reaction, 0.2ml of freshly prepared 0.29M dithionite sodium 
bicarbonate solution was added and the mixture was incubated at 30°C 
for 15 minutes. The reaction was stopped by vigorous shaking on vortex 
mixer until the blue colour disappeared. From this 20nL aliquot was 
taken in another test tube and 1.0ml sulphanilamide followed by 1.0ml 
NED-HCl reagents was added. The volume was made 5.0ml by adding 
sufficient double distilled water. The solution was left as such for 30 
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minutes. After 30 minutes the optical density was read at 540nm on SL-
164 UV-VIS spectrophotometer (Elico, Hyderabad, India) using a blank. 
3.5.6.3.2.1 Standard curve for nitrite reductase 
851mg potassium nitrite was dissolved in 100ml double distilled 
water. From this 10ml solution was taken in a separate flask and diluted 
to 100ml with double distilled water. Different concentrations such as 
0.2, 0.4, 0.6, 0.8 and 1.0ml were taken in separate test tubes and the 
volume was made 2ml by adding sufficient double distilled water. To 
each test tube 1ml each of sulphanilamide and 0.02% NED-HCl were 
added and were left as such for 30 minutes. The optical density was read 
at 540nm using a blank on SL-164 UV-VIS spectrophotometer (Elico, 
Hyderabad, India). A standard curve was plotted using concentrations of 
potassium nitrite versus optical density to calculate the enzyme activity. 
3.5.6.3.3 Assay of glutamine synthetase activity 
Glutamine synthetase is considered to have a primary role in the 
assimilation of ammonium into amino-acids (Miflin and Lea, 1977). It 
catalyzes the synthesis of glutamine. 
L-glutamate + NH3 + ATP • L-glutamine + ADP + Pi 
It also catalyzes the formation of y-glutamyl hydroxamate by the 
transfersase reaction. 
Glutamine + NH2OH—^^ ^ ^^"—•y-glutamythydroxamate + NH4" 
ADP, Arsenate 
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The enzyme activity in the presence of Mn"^ "^  represents the total 
glutamine synthetase activity. 
Glutamine synthetase activity was estimated by the method 
proposed by Farnden and Robertson (1980). l.Og leaf material was 
homogenized in 5ml of 50mM imidazole-acetate buffer (pH 7.8) 
containing 0.5mM EDTA, ImM dithrothreitol, 2mM MnCb and 20% 
glycerol. The extract was centrifuged at 10,000rpm at 4°C on CPR24 
centrifuge (Remi, New Delhi, India) for 3 minutes. For the purification, 
the enzyme was precipitated with (NH4)2S04 at 60% saturation. The 
precipitate was re-suspended in extraction buffer. The extract was 
desalted over Sephadex G25. 
To 0.2ml enzyme extract, 2.0ml 0.2M L-glutamine, 0.5 ml of 20 
mM sodium arsenate 0.3 ml 2 mM MnCb were added followed by the 
addition of 0.5ml ImM ADP and 50mM hydroxylamine. To set a blank, 
2ml of 20 mM Tris-HCl buffer instead of glutamine was added. The 
reaction mixture was incubated at 37°C for 30 minutes. The reaction was 
stopped by adding 1.0ml ferric chloride to the reaction mixture. The 
intensity of brown colour developed was measured at 540nm on SL-164 
UV-VIS spectrophotometer {Elico, HyJcrahaJ, India). A blank was run 
simultaneously with each set of determination. 
3.5.6.3.3.1 Standard curve for glutamine synthetase 
0.006g of lOmM y-glutamyl hydroxamate was dissolved in 4ml 
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double distilled water. From this solution, different concentrations of 
Y-glutamyl hydroxamate e.g. 0.2, 0.4, 0.6, 0.8 and 1.0ml were added to 
4ml of Tris-HCl buffer. The volume was maintained upto 5.0ml by 
adding sufficient amount of double distilled water. 1ml of ferric chloride 
was added to each concentration for colour development. The intensity 
of colour was measured at 540nm on SL-164 UV-VIS spectrophotometer 
(Elico, Hyderabad, India). A standard curve was plotted using the 
selected concentrations of y-glutamyl hydroxamate and optical density. 
The optical density of the sample was compared with that of standard to 
calculate the quantity of y-glutamyl hydroxamate. 
3.5.6.3.4 Plant nitrogen concentration 
Plant nitrogen content was estimated by Kjeldahl digestion 
method of Lindner (1944). 
Oven dried plant material was ground in mortar and pestle to 
prepare a fine powder. lOOmg of powder was transferred to a 50ml 
Kjeldahl flask to which 2ml sulphuric acid was added. The content of 
the flask was heated on temperature-controlled assembly for 2h to allow 
complete reduction of nitrates in the plant material by the organic matter 
itself. As a result the content of the flask turned black. After cooling the 
flask for about 15 minutes, 0.5ml of 30% H2O2 was added drop by drop 
and the solution was heated again until the colour turned to light yellow. 
After cooling for about 30 minutes additional 3-4 drops of H2O2 were 
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added followed by heating for another 15 minutes. The process was 
repeated till the light yellow colour turned colourless. The digested leaf 
material was transferred to 100ml volumetric flask with three washings 
with double distilled water. The volume of the flask was maintained up 
to the mark. 
A 10ml aliquot of the digested material was taken in 50ml 
volumetric flask. To the flask, 2ml of 2.5N NaOH and 1ml of 10% 
sodium silicate solution were added to neutralize the excess of acid and 
prevent turbidity. The volume of the solution was made up to the mark 
with double distilled water. In a 10ml graduated test tube 5ml of the 
solution was taken and 0.5ml of Nessler reagent was added. The final 
volume was maintained with double distilled water. The content of the 
tube was allowed to stand for 5 minutes for maximum colour 
development. The intensity of the solution was read at 525nm on SL-164 
UV-VIS spectrophotometer (Elico, Hyderabad, India). 
3.5.6.3.4.1 Standard curve for nitrogen 
50mg ammonium sulphate was dissolved in water to get 1000ml 
solution. From this solution 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 
l.Onil were taken in ten different test tubes. The solution in each test 
tube was diluted to 5ml with double distilled water. In each test tube 
0.5ml Nesseler reagent was added. After 5 minutes, the intensity of 
colour was read at 525nm. A blank was run simultaneously with each set 
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of determination. 
Standard curve was plotted using different concentrations of 
ammonium sulphate solution versus optical density and with the help of 
the standard curve, the amount of nitrogen present in the sample was 
determined on dry weight basis. 
3.5.6.3.5 Plant N Content 
Plant N content was calculated as a product of N concentration 
and plant dry weight. 
3.5.6.4 Biochemical Characteristics 
The dried plant material collected at different sampling stages was used 
for the estimation of following biochemical characteristics. 
1. Plant carbon concentration 
2. Plant protein content 
3. Plant carbohydrate content 
4. Carbon;nitrogen ratio 
3.5.6.4.1 Plant carbon concentration 
Carbon content was estimated according to the digestion method 
proposed by Walkley and Black (1934). 
Five g of the dried plant material was taken in 500ml conical flask 
and 10ml of IN potassium dichromate solution and 20ml of concentrated 
sulphuric acid were added. After shaking for about 2 minutes, the flask 
was left as such for about 30 minutes for the mixture to react. Following 
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this, 200ml of double distilled water, 10ml of 85% ortho-phosphoric 
acid and 1ml of diphenyl-amine indicator were added. A deep violet 
colour was developed, which was titrated against 0.5N ferrous 
ammonium sulphate solution till the colour changed to purple and 
finally green. A blank was also run without the sample simultaneously. 
Percentage of the total organic carbon was calculated as follows: 
Blank titration-Sample titration 
Carbon (%) = x 0.033 x lOO x N 
Weight of the sample (g) 
Where, N is the normality of ferrous ammonium sulphate solution used. 
3.5.6.4.2 Plant Protein concentration 
Protein concentration was estimated by the method of Lowry ei al. 
(1951). 
Plant material was ground to a fine powder in a mortar and pestle. 
500mg of sample was further ground in 5-10ml of 5% trichloroacetic 
acid solution. 0.1ml and 0.2ml of each sample were taken in two test 
tubes and the volume was made 1ml in each test tube with double 
distilled water. 5ml of reagent C' was added to each test tube including 
blank and centrifuged at 4000rpm. Then 0.5ml of reagent D^ was added 
to each test tube and mixed well. The mixture was incubated at room 
temperature for 30 minutes in the dark for colour development. The 
' Reagent C: Prepared by mixing 50ml of Reagent A (2% sodium cartronate and 0.1 N NaOH in 1:1 
2 
ratio) and 1ml of reagent B (0.5% copper sulphate and 1% potassium sodium tartrate in 1:1 ratio) 
Reagent D: Prepared by mi.ving 50ml of 2% sodium carbonate solutif^p' ]/tf^^TfS^\ B. 
intensity of blue colour developed was read at 660niii using a blank on 
SL-164 UV-VIS spectrophotometer (Elico, Hyderabad, India). 
3.5.6.4.2.1 Standard curve for total protein 
SOmg of Bovine serum albumin was dissolved in double distilled 
water in a 50ml volumetric flask and the volume was maintained. From 
this solution, 10ml was taken and diluted to 50ml in another 50ml 
volumetric flask. 1ml of this solution contained 200^g protein. Different 
concentrations such as 0.2, 0.4, 0.6, 0.8 and 1.0ml from this solution 
were taken to different test tubes and the volume was maintained to 1 ml. 
5ml of reagent C was added, mixed well and allowed to stand for 10 
minutes. Then 0.5 ml of reagent D was added to each test tube as in 
sample and incubated at room temperature in the dark for 30 minutes for 
maximum colour development. The colour intensity was read at 660nm 
using SL-164 UV-VIS spectrophotometer (Elico, Hyderabad, India). 
Standard curve was plotted using different concentrations of the 
working standard versus optical density. With the help of this standard 
curve the amount of protein present in the sample was calculated. 
3.5.6.4.3 Plant carbohydrate concentration 
Carbohydrate concentration was extracted following method of 
Yih and Clark (1965) and estimated by the method of Dubois et al. 
(1956). 
Oven dried plant material was ground to fine powder in a mortar 
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and pestle. 50mg of this powder was taken in a centrifuge tubes to which 
5ml of 1.5N H2SO4 was added. The mixture was heated on a water bath 
for about 2 h. After cooling, the solution was centrifuged at 4000 rpm 
for 10 minutes. The extract was collected in 25ml volumetric flask. The 
residue was washed twice with double distilled water followed by the 
centrifugation and collection of same washings in the same flasks. 1.0ml 
of this solution was taken to which 1ml of 5% aqueous phenol was 
added followed by the addition of 5ml concentrated H2SO4. The colour 
developed was yellow orange. After 30 minutes, the optical density was 
read at 490nm on SL-164 UV-VIS spectrophotometer (Elico, 
Hyderabad, India) using a blank sample. 
3.5.6.4.3.1 Standard curve for carbohydrate concentration 
lOOmg of glucose was dissolved in 100ml double distilled water. 
From this 10ml solution was taken in another 100ml volumetric flask 
and diluted to 100ml with double distilled water. Different 
concentrations such as 0.2, 0.4, 0.6, 0.8 and 1.0ml of the solution were 
taken in different test tubes and the volume was made 1ml with double 
distilled water. To each test tube 1ml of 5% phenol was added followed 
by the addition of 5ml of concentrated H2SO4. After the colour 
development, the mixture was left as such for 30 minutes and optical 
density was read at 490nm using a blank on SL-164 UV-VIS 
spectrophotometer (Elico, Hyderabad, India). 
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A standard curve was plotted using different concentrations 
versus optical density. With the help of the curve carbohydrate content 
in the sample was calculated. 
3.5.6.4.4.1 Carbon:Nitrogen ratio 
The carbon:nitrogen ration was calculated by dividing plant 
carbon concentration by plant nitrogen concentration. 
3.5.6.5 Ethylene Biosynthesis 
For ethylene biosynthesis activity of ACC synthase and ethylene 
evolution were determined. 
3.5.6.5.1 Assay of ACC synthase activity 
ACC synthase activity was measured adopting the methods of 
Avni et al. (1994) and Woeste et al. (1999). Leaf tissue (5g) was ground 
in lOOmM N-2 hydroxyethy-piperazine-N-2 ethanesulfonic acid buffer 
(pH 8.0) containing 4mM dithiothretol 2.5mM pyridoxal phosphate and 
25% polyvinyl polypyrrolodone. After thorough homogenization, the 
preparation was centrifuged at 12,000 g for 15 minutes on CPR 24 
centrifuge {Remi, New Delhi, India). 1ml of the supernatant was placed 
in a 30ml tube and 100ml of 5mM AdoMet was added. This was 
incubated for 1 h at 22°C. The ACC formed was determined by its 
conversion to ethylene by addition of lOO^L of 20mM HgCb, followed 
by 100|iL of 1:1 saturated mixture of NaOH : NaOCl. The tubes were 
capped immediately after addition of NaOH/NaOCl and incubated on ice 
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for 10 minutes. For control set, AdoMet was not added. Ethylene 
evolution was monitored on a gas chromatograph. 
3.5.6.5.2 Ethylene evolution 
A 5ml of gas phase was removed with a syringe and ethylene was 
measured on a gas chromatograph GC 5700 (Nucon, New Delhi, India) 
equipped with 1.8m Porapack N (80/100 mesh) column, a flame 
ionization detector. Nitrogen was used as carrier gas. The flow rate of 
nitrogen, hydrogen and oxygen were 30, 30 and 300ml/min respectively. 
The oven temperature was 100°C. The detector was at 150°C. Ethylene 
identification was based on the retention time and quantified comparing 
with the peaks from standard ethylene concentrations. 
3.5.6.6 Yield Characteristics 
Yield is the final manifestation of morphological, physiological 
and biochemical traits of a crop, which are dependent upon various 
environmental factors. One m^ area of each plot was marked for the 
purpose of harvest analyses and seed yield. 
At harvest following parameters were recorded: 
1. Pod number per plant 
2. Seed number per pod 
3. 1000 seed weight 
4. Seed yield 
5. Biological yield 
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6. Harvest index 
3.5.6.6.1 Pod number per plant 
At harvest 25 plants from each plot were removed. The pods were 
collected and counted. 
3.5.6.6.2 Seed number per pod 
The number of seeds from 25 pods from each replicate was 
counted. 
3.5.6.6.3 1000 seed weight 
From the produce of each treatment, 1000 seeds were randomly 
collected with four replications and the weight was recorded. 
3.5.6.6.4 Seed yield 
The total seeds from Im^ area of each plot were cleared, sun dried 
and weight to compute seed yield. Seed yield was transformed in one 
hectare field using the number of plants in one square meter field area. 
3.5.6.6.5 Biological yield 
The total biomass from 1 m^ area of the plot was recorded from 
sun dried plants before threshing. 
3.5.6..6.6Harvest index 
Harvest index (HI) was computed by dividing the seed yield by 
biological yield. 
Seed yield 
HI = X 100 
Biological yield 
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3.5.7 Statistical analysis 
All experimental data were statistically analyzed using analysis of 
variance (ANOVA) and Least Significant Difference (LSD) was 
calculated for the significant data to compare the treatments mean. 
Standard error mean of data for soil N analysis and different 
measurements for environmental conditions during sampling times was 
calculated. Index of relationships among different characteristics in 
Experiment 1 and Experiment 3 was calculated. The index number for 
any treatment was expressed as a percentage relative to the maximum 
value obtained in a treatment. The data were analyzed as described by 
Gomez and Gomez (1984) with the help of Microsoft Excel. 
83 
expeKiHemi 
k.esuus 
Experimental Results 
Contents 
4.1 Experiment 1 84 
4.1.1 Growth characteristics 84 
4.1.2 Photosynthetic characteristics 87 
4.1.3 N assimilation 89 
4.1.4 Biochemical characteristics 90 
4.1.5 Ethylene biosynthesis 91 
4.1.6 Yield characteristics 92 
4.2 Experiment 2 92 
4.2.1 Growth characteristics 92 
4.2.2 Photosynthetic characteristics. 95 
4.2.3 N assimilation 96 
4.2.4 Biochemical characteristics 97 
4.2.5 Ethylene biosynthesis 97 
4.2.6 Yield characteristics 98 
4.3 Experiment 3 98 
4.3.1 Growth characteristics 99 
4.3.2 Photosynthetic characteristics 101 
4.3.3 N assimilation 102 
4.3.4 Biochemical characteristics 103 
4.3.5 Ethylene biosynthesis 103 
4.3.6 Yield characteristics 103 
Chapter - 4 
EXPERIMENTAL RESULTS 
The chapter reports the results on observations recorded for 
different growth, photosynthetic and biochemical characteristics, N 
assimilation, ethylene biosynthesis and yield characteristics. The details 
of determinations have been discussed in the chapter Material and 
Methods. In all the three experiments, observations were recorded at 40, 
60, 80 and lOODAS sampling times, and yield characteristics at 120DAS 
(harvest). The results found significant at P< 0.05 are detailed in the 
following pages (Tables 9-87). 
4.1 Experiment 1 
The experiment was conducted to assess the effects of removal of 
50% lower leaves on the plant axis either at 40 (pre-flowering stage) or 
60 (post-flowering stage) DAS on growth, photosynthetic and 
biochemical characteristics, N assimilation, ethylene biosynthesis and 
yield characteristics of mustard. 
The effect of defoliation was observed at 80 and lOODAS, and 
data recorded at 40 and 60DAS served as control to get information on 
the increase/decrease from time of defoliation (40 or 60DAS). 
4.1.1 Growth characteristics 
The growth characteristics noted were: leaf number, leaf area, 
plant fresh and dry masses, leaf, stem and pod dry masses, leaf mass 
ratio, stem mass ratio, leaf area ratio, crop growth rate, relative growth 
rate and unit leaf rate. 
The number of leaves increased at 80 and lOODAS because of 
emergence of new leaves following defoliation at 40DAS (Table 9). The 
per cent increase in leaf number over control (no defoliation) in plants 
defoliated at 40DAS was 13.9 and 12.5 at 80 and lOODAS, respectively. 
The plants defoliated at 60DAS showed lesser increase in leaf number, 
which was 6.9 and 5.3% at 80 and lOODAS sampling times, 
respectively. 
An increase in leaf area in plants defoliated at 40 or 60DAS was 
recorded at all the sampling stages. At 80 and lOODAS sampling time 
the leaf area increased significantly with defoliation treatment (Table 9). 
An increase of 11.9 and 10.3% in leaf area at 80 and lOODAS, 
respectively was recorded when defoliation was done at 40DAS, and a 
lesser increase in leaf area of 6.7% at 80DAS and 2.2% and lOODAS 
was noted in the defoliation treatment at 60DAS. 
This trend of growth response following defoliation was also seen 
on the other growth characteristics. Plant fresh mass increase was 
maximal in defoliation treatment at 40DAS (Table 10). An increase of 
15.3% and 22.6% over control at 80 and lOODAS, respectively was 
noted in the plants defoliated at 40DAS. Plant dry mass exhibited about 
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similar pattern of plant fresh mass. A significant increase in plant dry 
mass was recorded in plants defoliated at 40DAS (Table 10) and the per 
cent increase recorded was 16.8% at 80DAS and 10.7% at lOODAS 
sampling times. The defoliation treatment at 60DAS also increased plant 
dry mass over no defoliation control, but the per cent increase was less 
than with that obtained for defoliation at 40DAS. 
Distribution of dry mass in different plant parts such as leaf, stem 
and pod was significantly affected by defoliation (Table 11-12). 
Leaf dry mass significantly increased in plants defoliated at 
40DAS. The per cent increase recorded due to defoliation at 40DAS 
over no defoliation control was 23.3% and 27.1% at 80 and lOODAS 
sampling times. Similarly, stem dry mass increased with defoliation 
treatment, however, to a lesser extent than leaf dry mass. Dry mass of 
pods exhibited an increase of 55.3% and 8.8% at 80DAS sampling time 
in the plants defoliated at 40DAS and 60DAS, respectively. Similar 
pattern was observed at lOODAS sampling time, but in both the 
treatments there was a significant increase of 50.7% and 17.5% over 
control of the plants defoliated at 40 and 60DAS, respectively (Table 
12). 
The increase in leaf mass ratio recorded at 80 and lOODAS was 
5.5% and 9.1%, respectively over control due to defoliation at 40DAS 
(Table 12). Defoliation at 60DAS could bring increase of about 2.3% at 
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80DAS and 4.9% over control at lOODAS. 
Stem mass ratio of plants defoliated at 40DAS was significantly 
lesser than the defoliation treatment at 60DAS and control at 80 and 
lOODAS sampling time (Table 13). 
Leaf area ratio showed significant response to defoliation. At 
SODAS, leaf area ratio in control and plants defoliated at 60DAS gave 
statistically equal value, but significantly higher than defoliation 
treatment at 40DAS (Table 13). The values obtained for control or 
defoliation at 40 DAS significantly differ from each another. 
A significantly increase in crop growth rate, relative growth rate 
and unit leaf rate was found in plants due to defoliation (Table 14). An 
increase in crop growth rate, relative growth rate and unit leaf rate of 
16.4, 16.7 and 5.5%, respectively due to defoliation at 40DAS over 
control was recorded. 
4.1.2 Photosynthetic characteristics 
Among photosynthetic characteristics chlorophyll content, 
carbonic anhydrase activity, net photosynthetic rate, stomatal 
conductance, intercellular CO2 concentration and intrinsic water-use 
efficiency were recorded. 
At sampling times, 80 and lOODAS significantly higher 
chlorophyll content was recorded with defoliation treatment at 40DAS. 
An increase in chlorophyll content of 9.4% at SODAS and 8.2% at 
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lOODAS in comparison to control was recorded in plants defoliated at 
40DAS (Table 15). The increase in chlorophyll content due to 
defoliation at 60DAS was 3.9 and 3.4% at 80 and lOODAS, respectively 
in comparison to that obtained for no defoliation. Carbonic anhydrase 
activity was significantly affected by defoliated treatment at all 
sampling times. An increase in carbonic anhydrase activity of plant 
leaves defoliated at 40DAS was 13.6% at SODAS and 10.8% at lOODAS 
sampling times in comparison to control (Table 15). 
Significantly higher values of photosynthetic rate, stomatal 
conductance and intrinsic water-use efficiency were recorded at all 
sampling times in the plants defoliated at 40DAS. Intercellular COj 
concentration invariably remained unchanged (Tables 16-17). Net 
photosynthetic rate was affected significantly by defoliation treatment. 
Increased rates of photosynthesis were recorded in plants defoliated at 
40DAS compared to control or defoliation at 60DAS (Table 16). The per 
cent increase in net photosynthetic rate over control in the plants 
defoliated at 40DAS was 17.2 and 9.8% at 80 and lOODAS sampling 
times, respectively. Stomatal conductance in plants defoliated at 40DAS 
was found higher than that of plants defoliated at 60DAS, which showed 
higher values than control (Table 16). Defoliation treatment at 40DAS 
showed 2.5 and 1.8% increase in stomatal conductance at 80 and 
lOODAS, respectively compared to control. Defoliation at 60DAS 
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showed a little increase over control, which differed significantly. The 
other photosynthetic characteristic like intercellular CO2 concentration 
was found higher in defoliated plants with respect to control, the 
maximal value was observed in plants defoliated at 40DAS sampling 
time. At 80 and lOODAS sampling times increase in intercellular CO2 
concentration due to defoliation at 40DAS over control was 3.9 and 
2.8%, respectively (Table 17). Similarly, intrinsic water-use efficiency 
was enhanced maximally by 14.4% and 7.9% at 80 and lOODAS, 
respectively over control by defoliation treatment at 40DAS (Table 17). 
4.1.3 N assimilation 
The activities of nitrate reductase, nitrite reductase and glutamine 
synthetase were determined for their role in N assimilation. Other than 
the activities of enzymes, N concentration and N content were also 
measured. Activities of nitrate reductase, nitrite reductase and glutamine 
synthetase were significantly affected by defoliated (Tables 18-19). The 
activities of enzymes were higher in plants which were defoliated at 
40DAS than the control or plants defoliated at 60DAS. The rate-limiting 
enzyme, nitrate reductase activity was found increased by 9.6 and 7.0% 
at 80 and 100 DAS sampling times, respectively due to defoliation at 
40DAS in comparison to control. N concentration in plants defoliated at 
40DAS showed a significant increase over control (Table 19). N content 
was found significantly higher in plants defoliated at 40DAS, which was 
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higher than control as well as the plants defoliated at 60DAS (Table 20). 
An increase of 26.1% at 80 and 24.3% at 100 sampling times in plant N 
content was recorded due to defoliation at 40DAS in comparison to 
control. Defoliation at 60DAS increased plant N content by 13.5 and 
15.2% at 80 and lOODAS sampling times compared to control. 
4.1.4 Biochemical characteristics 
Biochemical characteristics studied were concentrations of 
carbon, protein and carbohydrate and carbon : nitrogen ratio. 
Plant carbon content was found increased over control in plants 
defoliated at 40DAS (Table 20), which was higher than the values of 
plants defoliated at 60DAS at all sampling times. However, no 
significant difference in values was recorded for control plants and 
plants defoliated at 60DAS at SODAS sampling times. Likewise, at 
lOODAS sampling time, the values recorded for plants defoliated either 
at 60DAS did not differ significantly with control value (Table 20). 
Defoliation at 40DAS increased plant carbon concentration by 12.3% in 
comparison to control at SODAS 
Maximal increase of 9.8% in protein concentration over control 
was noted in plants defoliated at 40DAS at SODAS sampling time, which 
was higher than the plants defoliated at 60DAS (Tabic 21). The 
carbohydrate concentration of plants invariably increased to similar 
extent in plants defoliated at 40DAS. The plants defoliated at 40DAS 
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showed higher concentration of carbohydrate than that for plants 
defoliated at 60DAS (Table 21). 
No significant effect of defoliation was noted on C/N ratio at 
lOODAS. The plants which were defoliated at 40DAS showed an 
increase over control, but the plants defoliated at 60DAS showed no 
change compared to control (Table 21). 
4.1.5 Ethylene biosynthesis 
Activity of ACC synthase, a rate-limiting enzyme in ethylene 
biosynthesis, and ethylene evolution were measured. ACC synthase 
activity and ethylene evolution showed a significant enhancement at all 
the sampling times in plants defoliated at 40DAS (Table 22). Although 
the increase in ACC synthase activity and ethylene evolution was noted 
with defoliation treatment at 60DAS, but a higher increase was observed 
with defoliation treatment at 40DAS at all sampling times. ACC 
synthase activity recorded a significant increase of 12.5% at SODAS and 
7.5% at lOODAS due to defoliation at 40DAS in comparison to no 
defoliation control. The increase in ethylene evolution was 15.1 and 
11.7% at 80 and lOODAS, respectively due to defoliation at 40DAS over 
no defoliation control. The defoliation at 60DAS increased ACC 
synthase activity by 7.5% and 4.5%, ethylene evolution by 11.6% and 
8.9% at 80 and lOODAS, respectively in comparison to no defoliation 
(Table 22). 
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4.1.6 Yield characteristics 
Among yield characteristics pod number per plant, seed number 
per pod, 1000 seed weight, seed yield, biological yield and harvest index 
were noted. Plants defoliated at 40DAS exhibited a significant increase 
in yield characteristics (Table 23). There was a significant increase in 
pod number per plant, seed number per pod, 1000 seed weight, seed 
yield, biological yield and harvest index of plants with defoliation 
treatment (Table 24). The pod number and 1000 seed weight were 
increased by 10.3 and 12.8%, respectively over control in plants 
defoliated at 40DAS. The defoliation at 60DAS, although increased pod 
number and 1000 seed weight but the increase was to a lesser degree 
consisting of only 4.8 and 4.7%, respectively over control. Seed yield 
was increased by 16.2% in plants defoliated 40DAS, whereas defoliation 
at 60DAS could increase seed yield by 6.7% in comparison to control 
(Tables 24-25). 
4.2 Experiment 2 
This experiment was conducted based on the findings of 
Experiment I. The aim of the experiment was to study the effect of 
defoliation of 50% lower leaves at 40DAS in mustard plants (based on 
the findings of Experiment 1) treated with 0, 60, 100 and 150kg N/ha on 
the plant characteristics (Tables 26-56) studied in earlier experiment. 
The observations recorded and times of samplings were similar to 
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Table 25: Per cent increase in characteristics of mustard {Brassica jiirtcea L.) 
due to defoliation of 50% leaves on lower layers of plant axis at 40d after 
sowing (DAS) or 60DAS over no defoliation control at 80 and lOODAS 
Parameter 
Leaf number 
Leaf area 
Plant dry mass 
Chlorophyll content 
Carbonic anhydrase activity 
Net photosynthetic rate 
Stomatal conductance 
Intrinsic water-use efficiency 
Nitrate reductase activity 
Nitrite reductase activity 
Glutamine synthetase activity 
N content 
ACC synthase activity 
Ethylene evolution 
Pod number 
1000 seed weight 
Seed yield 
Per cent 
Defoliation at 40DAS 
80 
13.9 
11.9 
16.8 
9.4 
13.6 
17.1 
2.4 
14.3 
9.6 
15.9 
10.8 
26.1 
12.5 
15.1 
( 
10.3 
12.8 
16.1 
increase 
Defoliation 60DAS 
Sampling time (DAS) 
100 
12.5 
10.3 
10.7 
8.1 
10.8 
9.8 
1.7 
7.9 
7.0 
19.1 
16.5 
24.3 
10.2 
11.7 
80 
6.9 
6.7 
16.6 
5.3 
6.5 
5.3 
1.4 
9.5 
8.1 
10.5 
7.9 
13.5 
7.5 
11.6 
120DAS (harvest) 
12.8 
4.7 
6.6 
100 
5.3 
2.2 
9.4 
4.5 
3.4 
2.3 
1.2 
5.9 
5.7 
6.3 
6.9 
15.2 
4.5 
8.9 
Experiment 1. The data recorded at the time of defoliation, 40DAS, 
served as control to compare the values noted at other sampling times, 
60, 80 and lOODAS. 
4.2.1 Growth characteristics 
The number of leaves increased with increasing N levels in no 
defoliation and defoliation plants. However, the number of leaves at 
40DAS sampling time was reduced to 50% in all the plants grown with 
different levels of available soil N in no defoliation control plants as the 
defoliation was done at 40DAS. The response to defoliation was 
prominently visual at 60, 80 and lOODAS sampling times. Significantly 
maximum leaf number was noted with plants defoliated and treated with 
soil-applied 150kg N/ha (Table 26). It was found that new leaf 
emergence took place on the apex after defoliation and led to increase of 
30% leaf number in plants where defoliation was done and treated with 
soil-applied 150kg N/ha in comparison to plants with intact leaves and 
treated with soil-applied 150kg N/ha at 60DAS sampling time. At 
sampling times, 80 and lOODAS, the increase in leaf number was 8.4 
and 8.9% with the same treatment (Table 26). Leaf area was found 
maximal in the treatment defoliation and plants treated with 150kg N/ha. 
It increased to 12.5% at 60DAS, 16.6% at SODAS and 6.4% at lOODAS 
sampling times in the defoliation and 150kg N/ha treatment (Table 27). 
Plant fresh and dry masses were significantly affected by 
Table 26: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on leaf number per plant at 60, 80 
and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha"') 
0 21.00 29.00 39.00 
60 23.00 38.00 26.00 
100 27.00 51.00 61.00 
150 30.00 59.00 67.00 
Defoliation 
N levels (kg ha"') 
0 23.00 36.00 45.00 
60 27.00 53.00 52.00 
100 34.00 58.00 66.00 
150 39.00 64.00 73.00 
LSD at 5% 1.32 0.91 1.99 
No defoliation control at 40d 
OkgN/ha: 8.00; 60 kg N/ha: 8.00; lOOkgN/ha: 10.00; 150kgN/ha: 14.00 
Table 27: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) leaf area per plant (cm^ plant ' ) levels on at 
60, 80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 ZO 100 
No defoliation 
N levels (kg ha"') 
0 698.00 832.00 974.00 
60 772.00 945.00 1116.00 
100 823.00 1022.00 1223.00 
150 879.00 1198.00 1379.00 
Defoliation 
N levels (kg ha"') 
0 762.00 1015.00 1057.00 
60 854.00 1082.00 1262.00 
100 937.00 1195.00 1382.00 
150 989.00 1398.00 1468.00 
LSD at 5% 0.81 1.32 1.46 
No defoliation control at 40d 
0 kg N ha"': 425.00; 60 kg N ha"': 455.00; 100 kg N ha"': 525.00; 150 kg N 
ha"': 548.00 
defoliation treatments at different N availability, and maximal values in 
these characteristics were obtained by defoliation and 150kg/ha (Tables 
28-29). An increase of 23.2% at 60DAS, 30.6% at SODAS and 23.1% at 
lOODAS in defoliation plants treated with 150kg N/ha over intact 
control plants treated with 150kg N/ha in plant fresh mass was recorded 
(Table 28). Similarly, an increase in plant dry mass of 24.1% at 60DAS, 
31.5% at DAS and 23.3% at lOODAS in defoliation plants treated with 
150kg N/ha over intact control plants treated with soil-applied 150kg 
N/ha was noted (Table 29). Dry masses of leaf and stem were 
significantly affected by defoliation treatments at each N levels at all 
sampling times, and pod dry mass at 80 and lOODAS (Tables 30-32). At 
all sampling times, maximal dry masses were recorded in plants 
receiving defoliation treatment and soil application of 150kg N/ha. The 
per cent increase was 23.4, 32.3 and 26.06% at 60, 80 and lOODAS, 
respectively in leaf dry mass in defoliated plants treated with 150kg 
N/ha over no defoliation plants treated with soil-applied 150kg N/ha. 
Pod dry mass was increased by 53.0% at 80DAS and 51.5% at lOODAS 
in comparison to no defoliation plants treated with soil-applied 150kg 
N/ha (Table 32). Leaf mass ratio was maximal in no defoliation plants 
treated with soil-applied 150kg N/ha at 60DAS sampling time, however, 
at 80 and lOODAS sampling times the leaf mass ratio was maximal in 
defoliation plants treated with soil-applied 150kg N/ha, which differed 
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Table 28: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on plant fresh mass (g plant"^) at 60, 
80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha^') 
0 44.45 61.29 72.87 
60 49.38 70.33 83.89 
100 52.79 78.62 93.57 
150 60.20 97.42 108.29 
Defoliation 
N levels (kg ha'') 
0 50.59 76.72 82.20 
60 55.76 83.55 95.04 
100 59.45 92.45 108.66 
150 74.20 127.32 133.40 
LSD at 5% 0.87 1.05 0.48 
No defoliation control at 40d 
0 kg N/lia: 17.61; 60 kg N/ha: 18.37; 100 kg N/ha: 21.76; 150 kg N^a.• 23.59 
Table 29: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on plant dry mass (g plant"') at 60, 80 
and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha"') 
0 12.30 16.59 23.48 
60 13.69 19.50 26.93 
100 14.52 21.81 30.46 
150 16.60 27.31 35.36 
Defoliation 
N levels (kg ha"') 
0 13.92 20.29 26.72 
60 15.31 23.16 30.98 
100 16.46 25.94 34.18 
150 20.60 35.92 43.60 
LSD at 5% 0.73 0.94 1.27 
No defoliation control at 40d 
0 kg N/ha: 4.46; 60 kg N/ha: 4.82; 100 kg N/ha: 5.68; 150 kg N/ha: 6.24 
Table 30: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on leaf dry mass (g plant"^) at 60, 80 
and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha'') 
0 4.76 6.06 7.22 
60 5.38 7.05 8.59 
100 5.99 8.06 9.79 
150 7.17 10.36 12.16 
Defoliation 
N levels (kg ha"') 
0 5.45 7.87 8.38 
60 6.30 8.53 10.20 
100 6.94 9.89 11.55 
150 8.85 13.71 15.33 
LSD at 5% 0.80 1.00 0.73 
No defoliation control at 40d 
0 kg N/ha: 2.39; 60 kg N/ha: 2.61; 100 kg N/ha: 3.08; 150 kg N/ha: 3.48 
Table 31: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on stem dry mass (g plant'') at 60, 80 
and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha"') 
0 7.54 9.31 13.98 
60 8.31 10.19 14.49 
100 8.53 10.86 15.59 
150 9.43 12.56 16.97 
Defoliation 
N levels (kg ha'') 
0 8.47 10.60 15.16 
60 9.01 11.64 15.69 
100 9.52 12.19 16.16 
150 11.75 15.49 18.81 
LSD at 5% 0.29 0.52 0.65 
No defoliation control at 40d 
0 kg N ha': 2.07; 60 kg N ha': 2.21; 100 kg N ha': 2.60; 150 kg N ha': 2.76 
Table 32: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on pod dry mass (g plant"') at 80 and 
100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
80 100 
No defoliation 
N levels (kg ha"') 
0 1.22 2.28 
60 2.26 3.85 
100 
150 
Defoliation 
N levels (kg 
0 
60 
100 
150 
LSD at 5% 
ha"') 
2.89 
4.39 
1.82 
2.99 
3.86 
6.72 
0.22 
5.08 
6.23 
3.18 
5.09 
6.47 
9.44 
0.04 
significantly from other treatments (Table 33) at 100 DAS. At 80 DAS, 
N levels 100 and 150kg N/ha with defoliation gave statistically equal 
values. Stem mass ratio at 80 and lOODAS sampling times was 
maximum in no defoliation plants treated with soil-applied 150kg N/ha 
(Table 34). Leaf area ratio was maximum with no defoliation and Okg 
N/ha at all sampling times (Table 35). The data on crop growth rate, 
relative growth rate and unit leaf rflte were found not significant (Table 
36). 
4.2.2 Photosynthetic characteristics. 
Photosynthetic characteristics were significantly affected by the 
treatments (Tables 37-42). The concentration of chlorophyll increased 
with the increase in N levels in no-defoliation and defoliation plants. At 
60DAS and onwards significantly maximum chlorophyll content was 
recorded in defoliation plants treated with soil-applied 150kg N/ha 
(Table 37), which was 6.8% at 60DAS and 12.0% at 80DAS and 10.0% 
at lOODAS higher than no defoliation plants treated with soil-applied 
150kg N/ha. Carbonic anhydrase activity was significantly greatest in 
defoliation plants treated with soil-applied 150kg N/ha (Table 38). An 
increase of 13.1, 13.2 and 11.6% at 60, 80 and lOODAS. respectively in 
carbonic anhydrase activity in the treatment giving maximum values was 
noted in comparison to their respective controls. Net photosynthetic 
rate, stomatal conductance and intrinsic water-use efficiency increased 
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Table 33: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on leaf mass ratio (mg leaf g"' plant) 
at 60, 80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha'') 
0 387.00 365.00 307.00 
60 393.00 362.00 319.00 
100 413.00 370.00 321.00 
150 432.00 379.00 344.00 
Defoliation 
N levels (kg ha'') 
0 392.00 388.00 314.00 
60 411.00 368.00 329.00 
100 422.00 381.00 338.00 
150 430.00 382.00 363.00 
LSD at 5% 1.46 1.24 1.12 
No defoliation control at 40d 
0kgNha"'; 536.00; 60kgNha ' : 541.00; 100kgNha' : 542.00; 150kgN 
ha': 558.00 
Table 34: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on stem mass ratio (mg stem g"' 
plant) at 60, 80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha"') 
0 613.00 561.00 595.00 
60 607.00 523.00 538.00 
100 587.00 498.00 512.00 
150 568.00 460.00 480.00 
Defoliation 
N levels (kg ha"') 
0 608.00 522.00 567.00 
60 589.00 503.00 506.00 
100 578.00 470.00 473.00 
150 
LSD at 5% 
570.00 
1.74 
No defoliation control at 40d 
0 kg N ha"': 464.00; 
ha"': 442.00 
60 kg N ha"': 459.00; 
431.00 
1.24 
100 kg N ha"' : 458.00; 
431.00 
1.30 
150 kg N 
Table 35: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on leaf area ratio (m kg" leaf) at 60, 
80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha'') 
0 14.66 13.73 13.49 
60 14.35 13.40 12.99 
100 13.74 12.68 12.49 
150 12.26 11.56 11.34 
Defoliation 
N levels (kg ha"') 
0 13.98 12.90 12.61 
60 13.56 12.69 12.37 
100 13.50 12.08 11.97 
150 11.18 10.20 9.58 
LSD at 5% 0.35 0.43 0.43 
No defoliation control at 40d 
0 kg N ha"': 17.78; 60 kg N ha"': 17.43; 100 kg N ha"': 17.05; 150 kg N ha" 
15.75 
Table 36: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on crop growth rate (mg day"* 
planf'), relative growth rate (mg g ' plant"*) and unit leaf rate (mg m"^  day"*) at 
80-100 DAS. 
„ _ ^ Crop growth Relative growth Unit leaf treatments ~^  ^ 
rate rate rate 
No defoliation 
N levels (kg ha"*) 
0 345.00 17.00 382.00 
60 372.00 16.00 361.00 
100 433.00 17.00 386.00 
150 403.00 13.00 313.00 
Defoliation 
N levels (kg 
0 
60 
100 
150 
LSD at 5% 
ha"') 
322.00 
391.00 
412.00 
384.00 
NS 
14.00 
15.00 
14.00 
10.00 
NS 
310.00 
334.00 
320.00 
268.00 
NS 
Table 37: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on chlorophyll content (mg g ' fresh 
mass) at 60, 80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha"') 
0 1.92 2.14 2.00 
60 2.05 2.27 2.17 
100 2.26 2.49 2.18 
150 2.47 2.57 2.39 
Defoliation 
N levels (kg ha"') 
0 2.00 2.26 2.12 
60 2.18 2.39 2.23 
100 2.40 2.61 2.38 
150 2.64 2.88 2.63 
LSD at 5% 0.01 0.03 0.02 
No defoliation control at 40d 
0 kg N ha"': 1.80; 60 kg N ha"': 1.94; 100 kg N ha"': 2.01; 150 kg N ha"': 2.07 
Table 38: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on carbonic anhydrase activity (m 
mol m"^  leafs'') at 60, 80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoiiation 
N levels (kg ha"') 
0 16.01 18.88 15.20 
60 19.15 20.93 17.27 
100 21.01 21.39 19.00 
150 21.84 23.19 20.84 
Defoliation 
N levels (kg ha'') 
0 18.00 20.84 17.84 
60 20.10 21.95 18.35 
100 21.99 23.37 20.18 
150 24.70 26.25 23.27 
LSD at 5% 0.51 0.51 0.43 
No defoliation control at 40d 
OkgNha ' : 13.16; 60kgNha' ' : 15.20; 100kgNha' : 16.95; 150kgNha' : 
18.44 
throughout the sampling times with the increase in N in defoliation 
treatment. The intercellular CO2 concentrations remain unchanged with 
the treatments at all sampling times. For the characteristics, defoliation 
and 150kg N/ha recorded significantly maximum values at all sampling 
times (Tables 39-42). Net photosynthetic rate was higher by 8.1, 15.2 
and 10.1%, stomatal conductance by 2.7, 1.5 and 1.6% and intrinsic 
water-use efficiency by 5.2, 13.4 and 8.3% at 60, 80 and lOODAS, 
respectively in defoliation plants treated with soil-applied 150kg N/ha in 
comparison to no defoliation plants treated with soil-applied 150kg 
N/ha. 
4.2.3 N assimilation 
Activities of N assimilation enzymes, i.e. nitrate reductase, nitrite 
reductase and glutamine synthetase were significantly affected by 
defoliation and nitrogen treatment at all sampling time. The activities of 
enzyme were found higher in defoliation plants treated with soil-applied 
150kg N/ha (Tables 43-45). The rate-limiting enzyme, nitrate reductase 
was increased by 2.5% at 60DAS, 12.0% at 80DAS and 7.1% atlOODAS 
in the treatment defoliation and plants treated with soil-applied 150kg 
N/ha in comparison to no defoliation and plants treated with 150kg 
N/ha. 
Plant N concentration and N content at 60DAS and onwards were 
significantly maximum in defoliation plants treated with soil-applied 
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Table 39: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on net photosynthetic rate (^ mol 
CO2 m"^  s ') at 60, m and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha'') 
0 20.36 22.48 18.31 
60 21.65 23.66 19.52 
100 23.75 24.18 21.48 
150 25.82 26.06 22.86 
Defoliation 
N levels (kg ha"') 
0 
60 
100 
150 
LSD at 5% 
No defoliation control at 40d 
OkgNha ' : 16.96; 60 kg N ha' : 18.32; 100 kg N ha': 19.16; 150 kg N ha" 
19.72 
21.48 
22.72 
24.86 
27.93 
0.72 
23.56 
24.82 
26.42 
29.98 
0.05 
19.04 
20.75 
22.82 
25.18 
0.77 
Table 40: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basaJ nitrogen (N) levels on stomatal conductance (m mol m" 
s"') at 60, 80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kgha'^) 
0 414.00 418.00 408.00 
60 416.00 427.00 412.00 
100 428.00 430.00 415.00 
150 438.00 449.00 427.00 
Defoliation 
N levels (kg ha'') 
0 415.00 427.00 410.00 
60 419.00 431.00 412.00 
100 431.00 449.00 419.00 
150 450.00 456.00 434.00 
LSD at 5% 1.00 1.00 3.00 
No defoliation control at 40d 
OkgNha' ': 395.00; 60kgNha"': 408.00; lOOkgNha"'; 4J0.00; 150 kg N 
ha"': 413.00 
Table 41: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on intercellular CO2 concentration (^ 
mol mol') at 60, 80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha"') 
0 286.53 282.89 285.55 
60 287.19 285.61 285.68 
100 282.26 285.34 287.19 
150 288.65 289.53 287.65 
Defoliation 
N levels (kg ha') 
0 287.98 285.31 287.41 
60 283.68 289.49 287.21 
100 287.65 288.06 283.22 
150 285.31 278.49 281.41 
LSD at 5% NS NS NS 
No defoliation control at 40d 
0 kg N ha-': 283.22; 60 kg N ha': 287.48; 100 kg N ha ' : 287.96; 150 kg N 
ha': 288.82 
Table 42: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on intrinsic water-use efficiency 
(^ mol mol'^) at 60, 80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha"') 
0 49.18 53.78 44.88 
60 52.04 55.41 47.38 
100 55.49 56.23 51.76 
150 58.95 57.93 53.54 
Defoliation 
N levels (kg ha"') 
0 51.76 55.18 46.44 
60 54.22 57.59 50.36 
100 57.68 58.84 54.46 
150 62.07 65.75 58.02 
LSD at 5% 0.28 0.44 1.34 
No defoliation control at 40d 
0 kg Nha ' : 42.94; 60 kg N ha': 44.90; 100 kg N ha"': 46.73; 150 kg N ha" 
47.75 
Table 43: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on nitrate reductase activity (|A mol 
NO2 g"^  fresh mass h"^ ) at 60, 80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha"') 
0 5.21 6.48 4.98 
60 5.38 7.28 5.18 
100 5.96 7.68 5.43 
150 6.22 7.73 5.58 
Defoliation 
N levels (kg ha"') 
0 5.36 7.26 5.12 
60 5.52 7.68 5.27 
100 6.12 7.93 5.54 
150 6.38 8.66 5.98 
LSD at 5% 0.02 0.02 0.03 
No defoliation control at 40d 
0 kg N ha"': 3.21; 60 kg N ha"': 3.55; 100 kg N ha"': 3.92; 150 kg N ha"': 4.46 
Table 44: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on nitrite reductase activity (n mol 
NH4 g'^  fresh mass h ' ) at 60, 80 and 100 DAS sampling times. 
Treatment Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha"') 
0 11.10 12.42 11.83 
60 12.90 15.20 13.99 
100 16.19 18.67 17.45 
150 18.01 21.32 20.19 
Defoliation 
N levels (kg ha"') 
0 
60 
12.94 
15.33 
14.57 
17.52 
13.90 
16.19 
100 19.30 20.61 19.05 
150 21.78 23.88 22.25 
LSD at 5% 0.69 0.15 0.13 
No defoliation control at 40d 
OkgN/ha: 10.50; 60 kg N/ha: 11.20: lOOkgN/ha: 15.18; 150kgN/ha: 16.71 
Table 45: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on glutamine synthetase activity (ji 
mol y-glutamyl hydroxamate g"' fresh mass h"') at 60, 80 and 100 DAS 
sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
27.45 
33.58 
38.26 
25.32 
31.56 
36.48 
No defoliation 
N levels (kg ha'') 
0 20.18 22.32 21.42 
60 23.26 
100 29.21 
150 32.47 
Defoliation 
N levels (kg ha'') 
0 23.52 26.18 25.18 
60 27.65 31.65 29.23 
100 34.82 36.91 34.46 
150 37.46 42.86 40.19 
LSD at 5% 0.54 0.92 0.47 
No defoliation control at 40d 
OkgNha' ': 18.94; 60 kg N ha'' : 20.36; 100 kg N ha'': 27.39; 150 kg N ha"': 
30.16 
150kg N/ha (Tables 46-47). A significant increase in plant N content in 
defoliation plants treated with soil-applied 150kg N/ha over control (no 
defoliation plants treated with soil-applied 150kg N/ha at 60, 80 and 
lOODAS was 26.4, 42.1 and 30.6%, respectively. 
4.2.4 Biochemical characteristics 
Concentrations of carbon, protein, carbohydrate and ratio of 
carboninitrogen were significantly affected by defoliation and nitrogen 
treatment at 60, 80 and lOODAS sampling times (Tables 48-51). The 
values for these characteristics were found higher in defoliated plants 
treated with soil-applied i50kg N/ha. However, the values for the 
treatment was at par with defoliation and lOOkg N/ha for protein content 
at 60DAS and with no-defoliation and 150kg N/ha at 80DAS. An 
increase of 12.5% at 60DAS, 6.5% at SODAS and 5.8% at lOODAS in 
carbon: nitrogen ratio from the treatment, defoliation and 150kg N/ha in 
comparison to control (no defoliation and 150kg N/ha) was observed. 
4.2.5 Ethylene biosynthesis 
ACC synthase activity and ethylene evolution were significantly 
affected by the treatment at all sampling times (Tables 52-53). At all 
sampling times significantly maximum values for both the 
characteristics were noted with defoliation and 150kg N/ha ACC 
synthase activity increased by 11.4, 15.1 and 10.7% and ethylene 
evolution by 23.1, 20.0 and 15.9% at 60, 80 and lOODAS sampling 
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Table 46: Effect of defoliation of 50% leaves on lov/er layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on plant N concentration (%) at 60, 
80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha'') 
0 2.67 2.44 2.19 
60 2.73 2.53 2.28 
100 2.86 2.69 2.37 
150 3.16 2.73 2.53 
Defoliation 
N levels (kg ha"') 
0 2.75 2.56 2.30 
60 2.85 2.65 2.37 
100 2.95 2.76 2.46 
150 3.22 2.95 2.68 
LSD at 5% 0.01 0.02 0.02 
No defoliation control at 40d 
0 kg N ha"'; 2.80; 60 kg N ha"': 2.98; 100 kg N ha"': 3.08; 150 kg N ha"': 3.48 
Table 47: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica jimcea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on plant N content (mg plant') at 60, 
80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha') 
0 328.41 404.80 514.21 
60 373.74 493.35 614.00 
100 415.27 586.66 721.90 
150 524.56 745.56 894.61 
Defoliation 
N levels (kg ha"') 
0 
60 
100 
150 
LSD at 5% 
No defoliation control at 40d 
0 kg N ha'; 124.88; 60 kg N ha'; 143.64; 100 kg N ha"'; 174.94; 150 kg N 
ha'' 217.15 
382.80 
436.34 
485.57 
663.32 
2.23 
519.42 
613.74 
715.94 
1059.67 
1.50 
614.56 
734.23 
840.83 
1168.48 
1.18 
Table 48: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on plant carbon concentration (%) at 
60, 80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha"*) 
0 14.31 12.01 9.15 
60 16.49 14.35 9.22 
100 19.43 16.68 11.29 
150 20.65 18.01 14.22 
Defoliation 
N levels (kg ha"') 
0 16.19 14.81 10.05 
60 18.26 15.96 10.85 
100 20.45 17.83 13.82 
150 23.68 20.75 16.04 
LSD at 5% 0.47 0.43 0.30 
No defoliation control at 40d 
0 kg N ha'\- 21.25; 60 kg N ha"': 22.32; 100 kg N ha"': 24.11; 150 kg N ha ' : 
26.32 
Table 49: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on plant protein concentration (%) at 
60, 80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha"') 
0 1.31 1.22 1.07 
60 1.42 1.35 1.15 
100 1.56 1.48 1.27 
150 1.62 1.52 1.32 
Defoliation 
N levels (kg ha"') 
0 1.37 1.29 1.11 
60 1.51 1.41 1.19 
100 1.59 1.53 1.34 
150 1.65 1.63 1.39 
LSD at 5% 0.07 0.04 0.02 
No defoliation control at 40d 
0 kg N ha"'; 1.42; 60 kg N ha"'; 1.58; 100 kg N ha"'; 1.72; 150 kg N ha"'; 1.80 
Table 50: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica jimcea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on plant carbohydrate concentration 
(%) at 60, 80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha"') 
0 2.10 2.04 1.81 
60 2.21 2.16 2.01 
100 2.45 2.39 2.07 
150 2.59 2.43 2.14 
Defoliation 
N levels (kg ha"') 
0 2.11 2.06 1.86 
60 2.25 2.19 2.08 
100 2.51 2.45 2.16 
150 2.63 2.62 2.27 
LSD at 5% 0.02 0.02 0.02 
No defoliation control at 40d 
0 kg N ha"': 2.16; 60 kg N ha"': 2.28; 100 kg N ha"': 2.50; 150 kg N ha"': 2.65 
Table 51: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on carbon : nitrogen ratio at 60, 80 
and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha'*) 
0 5.36 4.92 4.18 
60 6.04 5.67 4.04 
100 6.79 6.20 4.76 
150 6.53 6.60 5.66 
Defoliation 
N levels (kg ha'') 
0 5.89 5.79 4.37 
60 6.41 6.02 4.58 
100 6.93 6.46 5.62 
150 7.35 7.03 5.99 
LSD at 5% 0.10 0.09 0.04 
No defoliation control at 40d 
0 kg N ha'': 7.59 ; 60 kg N ha': 7.49; 100 kg N ha'': 7.83; 150 kg N ha': 7.56 
Table 52: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on l-aminocyclopropane-l-
carboxylic acid (ACC) synthase activity (n mol ACC g"^  leaf fresh mass h'^) at 
60, 80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha'') 
0 2.28 3.26 3.88 
60 2.37 3.32 4.02 
100 2.57 3.56 4.16 
150 
Defoliation 
N levels (kg ha"') 
0 
60 
2.87 
2.78 
2.85 
3.77 
3.68 
3.80 
4.35 
4.20 
4.30 
100 2.99 4.01 4.48 
150 3.20 4.34 4.80 
LSD at 5% 0.16 0.22 0.29 
No defoliation control at 40d 
OkgNha ' : 1.66 ; 60 kg N ha': 1,72; lOOkgNha"': 1.91; 150 kg N ha"'; 2.16 
Table 53: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica jimcea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basaJ nitrogen (N) levels on ethylene evolution (n L g"' leaf 
fresh mass h ' ) at 60, 80 and 100 DAS sampling times. 
Treatment 
Sampling time (DAS) 
60 80 100 
No defoliation 
N levels (kg ha" )^ 
0 7.16 8.51 12.99 
60 7.61 9.40 13.88 
100 8.06 10.75 14.78 
150 8.73 12.32 15.45 
Defoliation 
N levels (kg ha"') 
0 9.18 12.77 15.90 
60 9.60 13.44 16.58 
100 9.85 14.11 17.23 
150 10.75 14.78 17.91 
LSD at 5% 0.20 0.45 0.45 
No defoliation control at 40d 
0kgNha': 6.27 ; 60kgNha"': 6.49; 100kgNha"': 6.94; 150kgNha"': 7.39 
times, respectively in defoliation plants treated with soil-applied 150kg 
N/ha in comparison to no defoliation plants treated with soil-applied 
150kg N/ha (Tables 52-53). 
4.2.6 Yield characteristics 
Number of pods per plant, seed number per plant, 1000 seed 
weight, seed yield, biological yield and harvest index were maximally 
enhanced in plants where defoliation was done and treated with soil-
applied 150kg N/ha treatment, which differed significantly from other 
values (Tables 54-55). The values for seed number in defoliation and 
150kg N/ha were at par with those for defoliation and 100kg N/ha and 
no-defoliation plants with 100 or 150kg N/ha. The increase in pod 
number, seed number, 1000 seed weight and seed yield with defoliation 
and plants treated with soil-applied 150kg N/ha was 14.7, 6.3, 18.5 and 
18.6%, respectively in comparison to no-defoliation plants treated with 
soil-applied 150kg N/ha (Tables 54-56). 
4.3 Experiment 3 
This experiment was conducted to assess the effects of defoliation 
of 50% leaves in lower layers on mustard plants treated with N as single 
or split doses. Nitrogen was applied as single dose of 150kg N/ha or 
split in two doses, i.e. 100kg N at the time of sowing and 50kg N/ha as 
top dressing at 40DAS [BN100+N50(40d)] or 60DAS 
[BN100+N50(60d)], 75kg N/ha at the time of sowing and 75kg N/ha as 
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Table 54: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica jimcea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on pod number per plant, seed 
number per plant and 1000 seed weight (g) at harvest. 
„ _ , Pod number per Seed number per ,„«^ , . ,^ 
Treatment . *^ . *^  1000 seed weight 
No defoliation 
N levels (kg ha'') 
0 108.15 12.19 3.86 
60 120.21 
100 135.29 
150 161.81 
12.35 
13.72 
14.30 
4.02 
4.19 
4.48 
Defoliation 
N levels (kg 
0 
60 
100 
150 
LSD at 5% 
ha') 
115.22 
135.48 
175.35 
185.73 
1.03 
12.26 
12.42 
14.26 
15.21 
1.47 
3.99 
4.21 
4.36 
5.31 
0.30 
Table 55: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with basal nitrogen (N) levels on seed yield (q ha"'), harvest index 
(%) and biological yield (q ha"') at harvest. 
Treatment Seed yield Biological yield Harvest index 
No defoliation 
N levels (kg ha"') 
0 7.69 36.21 21.24 
60 10.09 43.37 23.26 
100 
150 
Defoliation 
N levels (kg 
0 
60 
100 
150 
LSD at 5% 
ha"') 
11.17 
13.98 
9.93 
12.32 
13.80 
16.58 
0.34 
46.82 
53.31 
39.96 
48.22 
53.28 
58.41 
1.20 
23.86 
26.22 
24.85 
25.55 
25.90 
28.39 
0.77 
Table 56: Per cent increase in characteristics of mustard {Brassica juncea L.) 
due to defoliation of 50% leaves on lower layers of plant axis at 40d after 
sowing (DAS) and treated with soil-applied 150kg N/ha at the time of sowing 
(BN150) over no defoliation plants treated with soil-applied 150kg N/ha at the 
time of sowing (BN150) at 80 and lOODAS 
Parameter 
Leaf number 
Leaf area 
Plant dry mass 
Chlorophyll content 
Carbonic anhydrase activity 
Net photosynthetic rate 
Stomatal conductance 
Intrinsic water-use efficiency 
Nitrate reductase activity 
Nitrite reductase activity 
Glutamine synthetase activity 
N content 
ACC s>'nthase activity 
Ethylene evolution 
Pod number 
1000 seed weight 
Seed \ ield 
Per cent increase 
Sampling time 
80 
8.4 
16.6 
31.5 
12.0 
13.2 
15.2 
1.5 
13.5 
12.0 
12.0 
12.0 
42.1 
15.1 
20.0 
(DAS) 
100 
8.96 
6.4 
23.3 
10.0 
11.6 
10.1 
1.6 
8.3 
7.1 
10.2 
10.1 
30.6 
10.3 
15.9 
120DAS (harvest) 
14.78 
18.5 
18.6 
top dressing at 40DAS (BN75+N75(40d)] or 60DAS [BN75+N75(60d)]. 
The determinations and sampling times were similar as for earlier 
experiments. 
4.3.1 Growth characteristics 
Growth characteristics were significantly affected by defoliation 
and N treatments. Although positive variations in the characteristics 
were observed with defoliation and various N treatments at early stage 
of growth, i.e. 60DAS sampling times, but at 80 and lOODAS sampling 
times the effect was prominent. The growth characteristics studied were 
increased maximally by defoliation and [BN100+N50(60d)]. At SODAS 
sampling time an increase in leaf number in defoliated plants treated 
with BN100+N50(40d) was of 22.8% and 9.3%, whereas at lOODAS the 
increase was 16.4% and 7.5% in comparison to no defoliation plants 
treated with BN150 and no defoliation plants treated with 
BN100+N50(60d) (Table 57). Similar pattern was observed for leaf area. 
Maximal leaf area per plant was recorded in defoliated plants treated 
with [BN100+N50(60d)] at SODAS and lOODAS sampling times. Leaf 
area was increased by 24.7% and 12.9% over no defoliation and BN150, 
and by 10.2% and S.1% over no defoliation and BN100+N50(60d) at 80 
and lOODAS, respectively (Table 58) 
Plant fresh and dry masses showed almost similar pattern 
throughout the sampling times (Tables 59-60). At 60DAS sampling time, 
99 
Table 57; Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on leaf number per plant at 60, 80 and 
100 DAS sampling times. 
Treatment 
No defoiiation 
N levels (kg ha'') 
BN150 
BN100+N50 (40d) 
BN75+N75 (40d) 
BN100+N50 (60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
28.00 
34.00 
22.00 
23.00 
20.00 
33.00 
38.00 
26.00 
27.00 
24.00 
0.89 
Sampling time (DAS) 
80 
57.00 
63.00 
59.00 
64.00 
52.00 
62.00 
66.00 
63.00 
70.00 
55.00 
1.14 
100 
73.00 
75.00 
69.00 
79.00 
71.00 
76.00 
80.00 
72.00 
85.00 
74.00 
1.30 
No defoliation control at 40d 
BN150 : 12.00; BN100+N50 (40d) : 10.00; BN75+N75 (40d): 8.00; 
BN100+N50 (60d) : 10.00; BN75+N75 (60d): 8.00 
Table 58: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on leaf area (cm^) at 60, 80 and 100 
DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50 (40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
858.00 
912.00 
816.00 
839.00 
694.00 
972.00 
998.00 
930.00 
967.00 
845.00 
2.02 
Sampling time (DAS) 
80 
1142.00 
1285.00 
1189.00 
1292.00 
1063.00 
1317.00 
1348.00 
1339.00 
1425.00 
1181.00 
1.84 
100 
1817.00 
1832.00 
1659.00 
1898.00 
1766.00 
1932.00 
1978.00 
1821.00 
2052.00 
1856.00 
2.15 
No defoliation control at 40d 
BN150 : 629.00; BN100+N50 (40d): 612.00; BN75+N75 (40d) : 566.00 
BN100+N50 (60d): 592.00; BN75+N75 (60d) : 559.00 
Table 59: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on plant fresh mass (g plant"') at 60, 80 
and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD af 5% 
60 
47.94 
49.05 
46.96 
47.62 
41.24 
57.65 
58.83 
54.76 
53.20 
49.65 
0.76 
Sampling time (DAS) 
80 
90.42 
93.66 
93.15 
100.35 
86.53 
104.71 
109.66 
108.42 
122.30 
98.65 
0.41 
100 
127.60 
129.75 
113.62 
132.69 
124.28 
143.57 
146.42 
129.70 
158.64 
138.49 
0.33 
No defoliation control at 40d 
BN150 : 25.26; BN100+N50 (40d): 25.11; BN75+N75 (40d) : 22.28 
BN100+N50 (60d): 23.68; BN75+N75 (60d) : 21.75 
Table 60: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on plant dry mass (g planf') at 60, 80 
and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50 (40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
15.68 
16.52 
14.70 
14.59 
13.05 
18.52 
18.80 
17.66 
17.29 
15.93 
0.79 
Sampling time (DAS) 
80 
28.70 
30.76 
30.06 
32.37 
27.74 
33.75 
35.75 
35.27 
38.75 
31.78 
0.91 
100 
41.54 
42.10 
36.88 
43.28 
40.38 
46.78 
47.76 
42.23 
50.89 
45.16 
0.25 
No defoliation control at 40d 
BN150 : 6.42; BN100+N50 (40d): 6.36; BN75+N75 (40d) : 5.72 
BN100+N50 (60d) : 6.20; BN75+N75 (60d) : 5.58 
both the characteristics were enhanced in plants defoliated and treated 
with [BN100+N50(40d)]. Plant dry mass showed an increase of 35.0% 
and 22.5% at 80 and lOODAS over no defoliation and BN150, and 
19.7% and 17.5% over no defoliation plants treated with 
BN100+N50(60d). 
Dry mass recorded for different plant parts, like leaf, stem and 
pod significantly responded to defoliation and N treatments (Tables61-
63). At 60DAS sampling time, defoliation and N treatments 
BN100+BN50(40d) and BN150 gave at par values, whereas at later 
sampling times (80 and lOODAS) significantly maximum value and an 
increase of 40.8% and 36.2% at 80 and lOODAS sampling times, 
respectively over no defoliation and plants treated with BN150 was 
noted. When the values of no defoliation plants treated 
BN150+N50(60d) and defoliation plants treated with similar N 
treatment and at 80 and lOODAS were compared, it was found that the 
latter treatment increased leaf dry mass by equal per cent at both 
sampling times (Table 61). Stem dry mass was statistically equal for the 
treatments defoliation and BN150 and defoliation and BN100+N50(40d) 
at 60DAS, but at 80 and lOODAS sampling time significantly maximum 
values were obtained with defoliation and BN100+N50(60d) (Table 62). 
Pod dry mass was significantly higher by 59.3% and 60.7% at 80 and 
lOODAS, respectively in comparison to no defoliation and plants treated 
100 
Table 61: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on leaf dry mass (g plant"') at 60, 80 
and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BNI00+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BNI00+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
6.57 
7.10 
5.86 
6.52 
4.94 
7.68 
7.94 
7.18 
7.59 
6.50 
0.32 
Sampling time (DAS) 
80 
9.12 
9.60 
9.42 
10.01 
7.99 
10.43 
11.17 
10.98 
12.85 
9.30 
0.19 
100 
10.33 
10.47 
8.90 
10.95 
9.89 
11.80 
12.12 
10.33 
14.07 
11.22 
0.15 
No defoliation control at 40d 
BN150 : 3.50; BN100+N50 (40d): 3.47; BN75+N75 (40d): 3.12 
BN100+N50 (60d) : 3.38; BN75+N75 (60d): 3.01 
Table 62: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on stem dry mass (g plant'') at 60, 80 
and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50 (40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
9.11 
9.42 
9.02 
8.07 
8.11 
10.84 
10.86 
10.48 
9.70 
9.43 
0.30 
Sampling time (DAS) 
80 
17.12 
18.27 
18.25 
19.71 
17.80 
19.86 
20.86 
20.68 
21.98 
19.69 
0.70 
100 
25.33 
25.49 
23.11 
24.92 
24.82 
26.67 
27.11 
25.86 
27.37 
26.26 
0.36 
No defoliation control at 40d 
BNI50 : 2.92; BN100+N50 (40d) : 2.89; BN75+N75 (40d) : 2.60 
BN100+N50 (60d) : 2.82; BN75+N75 (60d) : 2.57 
with BN150. The increase in pod dry mass due to defoliation and plants 
treated with BN100+N50(60d) over no defoliation plants treated with 
BN100+N50(60d) was 47.9 and 27.5% at 80 and lOODAS sampling 
times, respectively (Table 63). Leaf mass ratio was significantly higher 
with defoliation and plants treated with BN100+N50(60d) at 80 and 
lOODAS (Table 64). No general trend of the effect of the treatment was 
observed on stem mass ratio (Table 65). Leaf area ratio, however, 
showed a trend and was found higher in no defoliation plants treated 
with BN75+N75(40d) at 60DAS, whereas at 80DAS sampling time leaf 
area ratio was maximal in no defoliation plants treated with BN150 and 
BN100+N50(40d), which was statistically equal with BN75+N75(60d). 
At lOODAS sampling time significantly maximal value was noted with 
BN75+N75(40d) (Table 66). Crop growth rate, relative growth rate and 
net assimilation rate were significantly affected by the treatments (Table 
67). For these characteristics the treatment defoliation and plants treated 
with BN75+N75(60d) proved best. 
4.3.2 Photosynthetic characteristics 
Photosynthetic characteristics (except intercellular COi 
concentration) significantly responded to defoliation and N application 
treatments (Tables 68-73). Chlorophyll content and carbonic anhydrase 
activity adopted a similar pattern at all sampling times (Tables 68-69). 
At 60DAS sampling time, both the characteristics were found higher in 
Table 63: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on pod dry mass (g plant"') at 80 and 
100 DAS sampling times. 
Treatment Sampling time (DAS) 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50 (40d) 
BN75+N75 (40d) 
BN100+N50 (60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BN100+N50 (40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
80 
2.46 
2.89 
2.39 
2.65 
1.95 
3.46 
3.72 
3.61 
3.92 
2.79 
0.08 
100 
5.88 
6.14 
4.87 
7.41 
5.67 
8.31 
8.53 
6.04 
9.45 
7.68 
0.44 
Table 64: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica Juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on leaf mass ratio (mg leaf g'^  plant) at 
60, 80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50 (40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
419.00 
430.00 
399.00 
447.00 
379.00 
415.00 
422.00 
407.00 
439.00 
408.00 
2.32 
Sampling time (DAS) 
80 
318.00 
312.00 
313.00 
309.00 
288.00 
309.00 
312.00 
311.00 
332.00 
293.00 
1 84 
100 
249.00 
249.00 
241.00 
253.00 
245.00 
252.00 
254.00 
245.00 
276.00 
248.00 
1.62 
No defoliation control at 40d 
BN150 : 545.00; BNI00+N50 (40d): 546.00; BN'75+N75 (40d): 545.00 
BN100+N50 (60d): 545.00; BN75+N75 (60d) : 539.00 
Table 65: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on stem mass ratio (mg stem g"' plant) 
at 60, 80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
581.00 
570.00 
614.00 
553.00 
621.00 
585.00 
578.00 
593.00 
561.00 
592.00 
0.90 
Sampling time (DAS) 
80 
597.00 
594.00 
607.00 
609.00 
642.00 
588.00 
583.00 
586.00 
567.00 
620.00 
0.70 
100 
610.00 
605.00 
627.00 
576.00 
615.00 
570.00 
568.00 
612.00 
538.00 
581.00 
0.99 
No defoliation control at 40d 
BN150 : 455.00; BN100+N50 (40d) : 454.00; BN75+N75 (40d) : 455.00 
BN100+N50 (60d): 455.00; BN75+N75 (60d) : 461.00 
Table 66: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on leaf area ratio (mg kg" leaf) at 60, 
80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BNI00+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
13.06 
12.85 
13.93 
12.87 
14.05 
12.66 
12.57 
12.95 
12.74 
13.00 
0.31 
Samphng time (DAS) 
80 
12.52 
13.39 
12.62 
12.90 
13.30 
12.63 
12.07 
12.20 
11.09 
12.70 
0.28 
100 
17.59 
17.50 
18.64 
17.33 
17.86 
16.37 
16.32 
17.63 
14.58 
16.54 
0.29 
No defoliation control at 40d 
BN150 : 17.97; BN100+N50 (40d): 17.64; BN75+N75 (40d): 18.14 
BN100+N50 (60d): 17.52; BN75+N75 (60d): 18.57 
Table 67: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on crop growth rate (mg day'' plant'), 
relative growth rate (mg g' plant'') and unit leaf rate (mg m"^  day'') at 80-100 
DAS. 
Treatments 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) ' 
BN'75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BNI00+N50(60d) 
BN75+N75 (60d) 
LSD at 5"o 
Crop growth 
rate 
642.00 
567.00 
341.00 
546.00 
632.00 
652.00 
601.00 
348.00 
607.00 
669.00 
Relative growth 
rate 
18.00 
16.00 
10.00 
15.00 
19.00 
16.00 
14.00 
9.00 
14.00 
18.00 
Unit leaf 
Rate 
442.00 
368.00 
242.00 
346.00 
456.00 
406.00 
366.00 
222.00 
353.00 
448.00 
Table 68: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica jimcea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on chlorophyll content (mg g ' fresh 
leaf mass) at 60, 80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BNI00+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
2.21 
2.33 
2.01 
2.12 
J.92 
2.39 
2.56 
2.19 
2.23 
2.05 
0.10 
Sampling time (DAS) 
80 
2.52 
2.53 
2.51 
2.67 
2.35 
2.64 
2.65 
2.56 
2.91 
2.51 
0.03 
100 
2.41 
2.49 
2.28 
2.55 
2.36 
2.49 
2.59 
2.36 
2.75 
2.45 
0.02 
No defoliation control at 40d 
BN150 : 2.15; BN100+N50 (40d): 2.01; BN75^N'75 (40d): 1.79 
BN100+N50 (60d): 2.00; BN75+N75 (60d) : 1.77 
Table 69: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on carbonic anhydrase activity (m mol 
m'^  leaf s"') at 60, 80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50 (60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
17.67 
18.59 
16.06 
17.63 
16.03 
18.05 
19.60 
16.11 
17.83 
16.09 
0.25 
Sampling time (DAS) 
80 
18.61 
19.66 
19.48 
20.05 
18.23 
20.48 
20.58 
19.89 
22.57 
19.50 
0.35 
100 
21.02 
21.19 
20.63 
22.01 
20.73 
21.60 
21.93 
20.84 
24.15 
21.31 
0.38 
No defoliation control at 40d 
BN150 : 15.97; BN100+N50 (40d): 14.86; BN75+N75 (40d) : 13.28 
BN100+N50 (60d) : 14.79; BN75+N75 (60d): 13.12 
Table 70: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica Juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on net photosynthetic rate (^ mol CO2 
m"^  s') at 60, 80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha'^) 
BN150 
BN100+N50 (40d) 
BN75+N75 (40d) 
BN100+N50 (60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
24.11 
25.45 
23.89 
23.96 
22.36 
25.23 
27.68 
24.39 
25.11 
23.91 
0.75 
Sampling time (DAS) 
80 
24.98 
25.67 
25.46 
26.18 
24.99 
25.81 
26.57 
26.16 
29.26 
25.24 
1.02 
100 
21.64 
21.69 
19.72 
22.01 
19.68 
21.89 
22.16 
19.75 
24.06 
19.78 
1.21 
No defoliation control at 40d 
BNI50 : 19.61; BN100+N50 (40d) : 18.25; BN75+N75 (40d) : 16.31 
BN100+N50 (60d): 18.16; BN75+N75 (60d): 16.11 
Table 71: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica jimcea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on stomatal conductance (m mol m" 
s"') at 60, 80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha'^) 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 {4Qd) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
436.00 
438.00 
435.00 
445.00 
432.00 
441.00 
443.00 
439.00 
449.00 
436.00 
1.59 
Sampling time (DAS) 
80 
454.00 
458.00 
456.00 
460.00 
453.00 
457.00 
459.00 
45^.00 
464.00 
455.00 
1.30 
100 
428.00 
425.00 
425.00 
431.00 
424.00 
429.00 
430.00 
426.00 
436.00 
426.00 
0.89 
No defoliation control at 40d 
BN150 : 422.00; BN100+N50 (40d): 419.00; BN75+N75 (40d): 411.00 
BN100+N50 (60d): 418.00; BN75+N75 (60d) : 411.00 
Table 72: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on intercellular CO2 concentration (fi 
mol mol'') at 60, 80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BNI00+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
281.09 
284.42 
289.78 
285.01 
288.21 
286.17 
286.44 
283.86 
285.38 
284.82 
NS 
Sampling time (DAS) 
80 
285.29 
280.48 
288.56 
279.49 
282.26 
289.85 
286.19 
282.31 
285.74 
285.34 
NS 
100 
279.18 
279.26 
284.22 
285.53 
284.20 
281.36 
283.25 
284.55 
282.92 
284.32 
NS 
No defoliation control at 40d 
BN150 : 283.16; BN100+N50 (40d): 280.26; BN75+N75 (40d): 279.41 
BN100+N50 (60d): 286.10; BN75+N75 (60d) : 284.40 
Table 73: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on intrinsic water-use efficiency (^ mol 
mol'') at 60, 80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha') 
BN!50 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BNI00+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
55.05 
57.19 
54.92 
54.95 
51.76 
56.95 
61.65 
55.56 
56.94 
54.84 
0.90 
Sampling time (DAS) 
80 
55.02 
56.05 
55.83 
56.91 
55.17 
56.48 
57.89 
57.12 
63.06 
56.24 
0.51 
100 
50.56 
51.04 
46.40 
51.07 
46.42 
51.03 
51.53 
46.36 
55.18 
46.43 
2.40 
No defoliation control at 40d 
BN150 : 46.47; BNI00-N50 (40d) 43.56; BN75+N75 C40d) : 39.68 
BN100+N50 (60d): 43.44; BN75^N75 (60d): 44.18 
defoliated plants treated with BN100+N50(40d), but 80 and lOODAS 
sampling times, defoliated plants treated with BN100+N50(60d) showed 
higher carbonic anhydrase activity and chlorophyll content. Net 
photosynthetic rate, stomatal conductance and intrinsic water-use 
efficiency at 60DAS sampling time were higher in defoliated plants 
treated with BN100+N50(40d), but at 80 and lOODAS sampling times 
maximal values were noted with BN100+N50(60(1). The increase in 
carbonic anhydrase activity, net photosynthetic rate, intrinsic water-use 
efficiency due to defoliation and plants treated with BN100+N50(60d) 
was 21.2%, 17.1% and 14.6% at 80DAS and 14.8%, 11.1% and 9.1% at 
lOODAS over no defoliation and plants treated with BN150, whereas 
increase over no defoliation plants treated with BN100+N50(60d) was 
12.5%, 11.7% and 10.8% at 80DAS and 9.7%, 9.3% and 8.0% at 
lOODAS, respectively. 
4.3.3 N assimilation 
Nitrogen assimilation enzymes were significantly affected by 
defoliation and N treatments (Tables 74-76). Maximal activities in 
enzymes at 60DAS were noted in defoliated plants treated with 
BN100+N50(40d), and at 80 and lOODAS, in defoliation plants treated 
with BN100+N50(60d). Plant N concentration and content, at 60DAS 
sampling time was found greatest in defoliated plants treated with 
BN100+N50(40d), whereas at 80 and lOODAS sampling times. 
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Table 74: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on nitrate reductase activity (n mol NO2 
g'' fresh mass h'^ ) at 60, 80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
6.32 
6.98 
5.45 
6.08 
4.98 
6.57 
7.26 
5.64 
6.32 
5.16 
0.66 
Sampling time (DAS) 
80 
• 
8.00 
8.51 
8.40 
8.65 
7.98 
8.47 
8.79 
8.68 
8.98 
8.21 
0.23 
100 
6.38 
6.49 
5.91 
6.58 
6.11 
6.52 
6.65 
6.00 
7.16 
6.23 
0.08 
No defoliation control at 40d 
BN150 : 4.84; BN100+N50 (40d): 4.68; BN75+N75 (40d) : 4.49 
BN100+N50 (60d): 4.22; BN75+N75 (60d): 4.20 
Table 75: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica jimcea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on nitrite reductase activity (n mol NRj 
g"' fresh mass h'') at 60, 80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
19.18 
20.16 
15.28 
18.86 
15.72 
21.16 
22.89 
17.31 
19.61 
16.46 
on 
Sampling time (DAS) 
80 
21.72 
23.66 
21.98 
24.36 
19.37 
24.06 
25.68 
23.75 
27.61 
20.65 
0.64 
100 
18.72 
19.04 
15.20 
20.68 
16.31 
20.18 
21.46 
16.98 
23.45 
17.23 
0.56 
No defoliation control at 40d 
BN150: 18.22; BN100+N50(40d): 16.18; BN75'N'75 (40d) : 13.37 
BN100+N50 (60d): 16.21; BN75+N75 (60d) : 
Table 76: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on glutamine synthetase activity (p mol 
y-glutamyl hydroxamate g' fresh mass h"') at 60, 80 and 100 DAS sampling 
times. 
Treatment 
No defoliation 
N levels (kg ha'^ ) 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
30.61 
32.56 
28.72 
29.12 
26.32 
33.50 
37.46 
31.16 
32.21 
29.41 
1.04 
Sampling time (DAS) 
80 
38.43 
40.03 
39.89 
42.25 
36.28 
42.57 
45.16 
43.86 
48.77 
39.18 
0.80 
100 
32.18 
33.21 
29.01 
35.16 
31.58 
35.63 
36.82 
30.86 
39.72 
33.99 
0.51 
No defoliation control at 40d 
BN150 : 29.96; BN100+N50 (40d) : 27.84; BN75+N75 (40d): 26.11 
BN100+N50 (60d): 27.86; BN75+N75 (60d): 26.10 
defoliated plants treated with BN100+N50(60d) showed maximal values 
(Tables 77-78). 
4.3.4 Biochemical characteristics 
Biochemical characteristics, like plant carbon, plant protein plant 
carbohydrate concentrations and C/N were significantly affected by the 
defoliation and N treatments (Tables 79-82). Maximal values were 
recorded for defoliated plant treated with BN100+N50(40d) at 60DAS 
sampling time, and defoliated plants treated with BN100+N50(60d) at 
80 and lOODAS sampling times. 
4.3.5 Ethylene biosynthesis 
Defoliation and N application significantly affected ACC synthase 
activity and ethylene evolution (Tables 83-84). At 60DAS, the activity 
of ACC synthase and ethylene evolution were higher in defoliated plants 
treated with BN100+N50(40d), and at 80 and lOODAS sampling times 
defoliated plants treated with BN100+N50(60d) showed greatest values 
(Tables 83-84). 
4.3.6 Yield characteristics 
Defoliation and N application significantly affected yield 
characteristics (Tables 85-86). Number of pods per plant, number of 
seeds per pod, 1000-seed weight, seed yield, biological yield and harvest 
index were found greatest in defoliated plants treated with 
BN100+N50(60d) (Tables 85-86). Number of pods per plant, seed 
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Table 77: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica jiincea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on plant N concentration (%) at 60, 80 
and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50 (40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
3.48 
3.50 
3.29 
3.42 
3.27 
3.52 
3.53 
3.36 
3.49 
3.31 
0.02 
Sampling time (DAS) 
80 
2.82 
2.99 
2.91 
3.01 
2.79 
2.98 
3.09 
3.02 
3.21 
2.91 
0.04 
100 
2.73 
2.79 
2.61 
2.84 
2.66 
2.79 
2.84 
2.65 
2.92 
2.68 
0.02 
No defoliation control at 40d 
BN150 : 3.98; BN100+N50 (40d) : 3.88; BN75+N75 (40d): 3.69 
BNI00+N50 (60d) : 3.87; BN75+N75 (60d): 3.65 
Table 78: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on plant N content (mg plant"') at 60, 
80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BNIOO+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
545.66 
578.20 
483.63 
498.98 
426.74 
651.90 
663.64 
593.38 
603.42 
527.28 
1.44 
Sampling time (DAS) 
80 
809.34 
919.72 
874.75 
974.36 
773.95 
1005.75 
1104.68 
1065.15 
1245.88 
924.80 
1.61 
100 
1134.04 
1174.59 
962.57 
1229.15 
1074.11 
1305.16 
1356.38 
1119.10 
1485.99 
1210.29 
1.63 
No defoliation control at 40d 
BNI50 : 255.52; BNI00+N50 (40d): 246.77; BN75+N75 (40d) : 211.07 
BN100+N50 (60d) : 239.94; BN75+N75 (60d) : 203.67 
Table 79: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on plant carbon concentration (%) at 
60, 80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50 (40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kgha') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
23.25 
24.36 
21.72 
22.71 
20.64 
24.16 
25.38 
22.56 
23.65 
21.35 
0.18 
Sampling time (DAS) 
80 
15.06 
16.32 
15.22 
17.62 
14.63 
17.23 
18.38 
17.83 
21.75 
16.25 
0.27 
100 
12.00 
12.35 
10.96 
14.96 
11.28 
14.33 
15.06 
13.04 
16.35 
13.26 
0.26 
No defoliation control at 40d 
BN150 : 28.72; BN100+N50 (40d) : 26.38; BN75+N75 (40d) : 23.62 
BN100+N50 (60d): 26.35; BN75+N75 (60d) : 23.59 
Table 80: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica jtmcea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on plant protein concentration (%) at 
60, 80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BNI50 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 {60d) 
LSD at 5% 
60 
1.72 
1.78 
1.61 
1.69 
1.58 
1.75 
1.84 
1.67 
1.73 
1.61 
0.03 
Sampling time (DAS) 
80 
1.50 
1.57 
1.53 
1.62 
1.48 
1.54 
1.61 
1.57 
1.69 
1.52 
0.03 
100 
1.35 
1.37 
1.29 
1.46 
1.30 
1.38 
1.41 
1.33 
1.50 
1.35 
0.03 
No defoliation control at 40d 
BN150 : 1.98; BN100+N50 (40d): 1.86; BN75+N75 (40d): 1.75 
BN100+N50 (60d): 1.82; BN75+N75 (60d): 1.74 
Table 81: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on plant carbohydrate concentration 
(%) at 60, 80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha'^) 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
l.SDat5% 
60 
2.65 
2.68 
2.49 
2.58 
2.46 
2.69 
2.73 
2.52 
2.61 
2.49 
0.02 
Sampling time (DAS) 
80 
2.31 
2.46 
2.38 
2.49 
2.34 
2.36 
2.52 
2.43 
2.67 
2.39 
0.04 
100 
2.16 
2.19 
1.99 
2.22 
2.07 
2.21 
2.28 
2.06 
2.35 
2.II 
0.02 
Nu defoliation control at 40d 
BN150 : 2.82; BN100+N50 (40d): 2.72; BN75+N75 (40d) : 2.66 
BN100+N50 (60d): 2.71; BN75+N75 (60d): 2.63 
Table 82: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica Juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on carbon : nitrogen ratio at 60, 80 and 
100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha'^) 
BN150 
BN100+N50 (40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
6.68 
6.96 
6.60 
6.64 
6.31 
6.86 
7.19 
6.71 
6.78 
6.45 
0.34 
Sampling time (DAS) 
80 
5.34 
5.46 
5.23 
5.85 
5.24 
5.78 
5.95 
5.90 
6.93 
5.58 
0.28 
100 
4.40 
4.43 
4.20 
5.25 
4.24 
5.14 
5.30 
4.92 
5.60 
4.95 
0.20 
No defoliation control at 40d 
BN150 : 7.22; BN100+N50 (40d) : 6.80; BN75+N75 (40d) : 6.40 
BN100+N50 (60d): 6.81; BN75+N75 (60d): 6.46 
Table 83: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on l-aminocyclopropane-l-carboxylic 
acid (ACC) synthase activity (n mol ACC g ' leaf fresh mass h"') at 60, 80 and 
100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
2.66 
2.92 
2.48 
2.55 
2.42 
3.17 
3.46 
2.88 
3.02 
2,78 
0,26 
Sampling time (DAS) 
80 
3.22 
3.62 
3.41 
3.84 
3.08 
3.96 
4.30 
4.09 
4.62 
3.84 
0.32 
100 
3.84 
4.11 
3.61 
4.46 
3.45 
4.48 
4.79 
4.27 
5.19 
4.12 
0.28 
No defoliation control at 40d 
BN150 : 2.28; BN100+N50 (40d): 2.09; BN75+N75 (40d): 2.16 
BN100+N50 (60d): 2.26; BN75+N75 (60d): 2.16 
Table 84: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on ethylene evolution (n L g"' leaf fresh 
mass h'^ ) at 60, 80 and 100 DAS sampling times. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50 (40d) 
BN75+N75 (40d) 
BN100+N50 (60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
60 
8.06 
8.51 
7.39 
7.80 
7.30 
10.75 
11.20 
10.08 
10.50 
9.86 
0.22 
Sampling time (DAS) 
80 
11.65 
12.32 
12.01 
12.51 
11.22 
14.34 
15.32 
14.78 
15.45 
14.11 
0.40 
100 
14.56 
15.23 
14.18 
15.68 
13.66 
17.02 
17.47 
16.58 
17.92 
16.35 
0.32 
No defoliation control at 40d 
BN150 : 7.22; BN100+N50 (40d) : 6.80; BN75+N75 (40d) : 6.40 
BN100+N50 (60d) : 6.81; BN75+N75 (60d) : 6.46 
number per pod, 1000 seed weight and seed yield were significantly 
increased by 19.9, 12.3, 31.0 and 22.6%, respectively with defoliation 
plants treated with BN100+N50(60d) in comparison to no defoliation 
plants treated with BN150. The treatment defoliation and 
BN100+N50(60d) increased pod number, seed number, 1000 seed 
weight and seed yield by 11.7%, 9.1%., 15.1% and 12.9%, respectively 
over no defoliation plants treated with BN100+N50(60d) (Table 87). 
104 
Table 85: Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard {Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on pod number per plant, seed number 
per plant and 1000 seed weight (g) at harvest. 
Treatment 
No defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha"') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
LSD at 5% 
Pod number 
191.00 
196.00 
174.00 
205.00 
180.00 
198.00 
212.00 
182.00 
229.00 
189.00 
3.47 
Seed number 
14.88 
14.97 
13.89 
15.32 
13.93 
15.08 
15.18 
14.62 
16.72 
14.69 
1 38 
1000 seed 
weight 
4.29 
4.42 
4.10 
4.88 
4.19 
4.71 
4.85 
4.43 
5.62 
4.56 
0.04 
Table 86; Effect of defoliation of 50% leaves on lower layers of plant axis of 
mustard (Brassica juncea L.) plant at 40d (pre-flowering) after sowing (DAS) 
and treated with single N application at the time of sowing or split N at 40 (pre-
flowering) or 60 (post-flowering) DAS on seed yield (q ha'^ ), harvest index (%) 
and biological yield (q ha') at harvest. 
Treatment 
No defoliation 
N levels (kg ha"') 
BN150 
BN100+N50 (40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
Defoliation 
N levels (kg ha'') 
BN150 
BN100+N50(40d) 
BN75+N75 (40d) 
BN100+N50(60d) 
BN75+N75 (60d) 
l.SD at 5% 
Seed yield 
14.72 
14.86 
13.25 
15.60 
14.41 
16.66 
16.93 
15.12 
18.05 
15.33 
0.32 
Biological 
yield 
63.21 
63.87 
62.15 
65.42 
62.38 
65.31 
65.38 
64.17 
69.87 
64.52 
0.78 
Harvest index 
23.29 
23.27 
22.24 
24.43 
23.11 
25.51 
25.12 
23.56 
25.83 
23.76 
0.21 
Table 87: Per cent increase in characteristics of mustard (Brassica juncea L.) 
due to defoliation of 50% leaves on lower layers of plant axis at 40d after 
sowing (DAS) and treated with soil-applied 100kg N/ha at the time of sowing 
and 50kg N/ha at 60DAS [BN100+N50(60d)] over no defoliation plants treated 
with soil-applied 150kg N/ha at the time of sowing (BN150) or no defoliation 
plants treated with soil-applied 100kg N/ha at the time of sowing and 50kg 
N/ha at 60DAS [BN100+N50(60d)] at 80 and lOODAS 
Per cent increase 
Parameter BN150 BN100 + N50(60d) 
Sampling time (DAS) 
80 100 80 100 
Leaf number 
Leaf area 
Plant dry mass 
Chlorophyll content 
Carbonic anhydrase activity 
Net photosynthetic rate 
Stomatal conductance 
Intrinsic water-use efficiency 
Nitrate reductase activity 
Nitrite reductase activity 
Glutamine synthetase activity 
N content 
ACC synthase activity 
Ethylene evolution 
Pod number 
1000 seed weight 
Seed yield 
22.8 
24.7 
35.0 
15.4 
18.2 
17.2 
2.2 
14.6 
12.2 
27.1 
26.4 
53.6 
43.5 
32.6 
19.9 
31.0 
22.6 
16.4 
12.9 
22.5 
14.1 
14.8 
11.1 
1.8 
9.1 
10.6 
25.2 
23.4 
31.0 
35.2 
23.1 
120DAS (1 
9.3 
10.2 
19.7 
8.9 
12.5 
11.7 
0.8 
10.8 
12.2 
13.3 
15.4 
27.6 
20.3 
23.5 
larvest) 
11.7 
15.1 
12.9 
7.5 
8.1 
17.5 
7.8 
9.7 
9.3 
1.1 
8.0 
8.8 
I J . J 
12.9 
20.9 
16.4 
14.3 
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Chapter - 5 
DISCUSSION 
5.1 Introduction 
The productivity of crops primarily depends on the canopy 
structure, leaf area index and the efficiency of conversion of light used 
by the green organs into biomass. It has been suggested that 
modification in canopy structure subsequently improved crop yield by 
the influence on light interception by plants. Any modification in crop 
canopy affects photon absorbed by the plants and thus photosynthesis of 
individual leaves (Duncan, 1971; Norman, 1980; Beadle et al., 1985). In 
a plant photosynthetic photon flux decreases from top to lower axis. 
Therefore, photosynthetic potential of lower leaves on plant axis is less 
in comparison to the upper leaves. In Brassica juncea these factors are 
more pertinent because plant bears larger number of broader leaves and 
orientation of leaves is such that they are horizontally inclined giving 
the plant a pyramidal shape (Weiss, 1983). The broader leaves in middle 
hinder the light to penetrate into the lower layers. Thus, the leaves in the 
lower layers on plant axis remain below photosynthetic light 
compensation point for most of the day and contribute less to net 
photosynthesis. Moreover, such leaves sensce, abscise and shed at 
maturity by losing 30-50% of their dry mass (Nobel, 1991). Also the 
large leaf surface causes leaf area indices to supra-ptimal level leading 
to decrease in photosynthetic biomass accumulation and seed yield. Any 
strategy by which such leaves are removed and photosynthezing 
potential of the remaining leaves is increased may lead to enhanced 
biomass accumulation and seed yield. Defoliation (removal of leaves) is 
practiced by the Northern Indians since old times for use of leaves as 
green vegetable, condiment and spice without knowing its impact on 
subsequent plant morphological and physiological changes. Research on 
other crops has shown that defoliation affects growth and mobilization 
of C and N compounds, and has influence on the total C input and 
determines the biomass accumulation as new source-sink relationships 
are established between the organs remaining after defoliation and the 
regrowing leaves (Ourry et al., 1996). 
Since the pathways of C and N assimilation are linked in higher 
plants (Evans and Terashima, 1988; Kaiser and Forseter, 1989; Pace et 
al., 1990), C assimilation provides the driving force for N assimilation. 
Therefore, internal cycling of C and N compounds is of great importance 
during plant development, and also a pre-requisite for regrowth after 
defoliation (Ourry et al., 1996). Thus, the success of a plant within a 
given environment depends more on opportunity and compromise within 
the C and N interaction in order to optimize the use of available 
resources (Foyer et al., 1995). 
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The role of N in agricultural system is well established and N has 
a dominant role in augmenting growth and productivity of crops through 
its effects on photosynthesis (Lawlor, 2002). Soil N availability and 
distribution among different organs are regulated by crop demand. In 
this context, it is assumed that defoliation may affect N acquisition 
because of increased demand by the crop in regrowth process. However, 
the degree to which N acquisition affects regrowth after defoliation 
depends on the potential of leaves for photosynthesis. In the wake of 
changing ecological concerns to have lesser N loss by leaching and 
volatilization, it has become necessary to adopt strategies for maximum 
use of N by plants. A plant ideotype with efficient leaves for 
photosynthesis and N demand could be a suitable alternative to check N 
loss and enhanced biomass accumulation with potential sink. As it was 
mentioned in the Chapter 'Introduction' that Brassica juncea has high N 
requirement and larger leaf area indices, it formed an ideal model for the 
study. 
Research conducted at Aligarh has shown that defoliation in 
Brassica juncea brings about morphological and physiological changes 
(Khan and Ahsan, 2000; Khan, 2002; Khan et al., 2002a, b; Khan, 
2003). Defoliation of 50% lower leaves increased growth, 
photosynthesis and biomass accumulation, whereas defoliation of 50% 
upper leaves declined the characteristics. The work on defoliation was 
107 
extended and is reported in the present thesis. It was postulated that 
removal of leaves at different stages of plant growth and plants treated 
with N may bring about some more fruitful inference on the influence of 
defoliation on plant growth and productivity of mustard. The 
experiments on mustard (Brassica juncea) were conducted with the 
following objectives: 
1. To work out the suitable stage of defoliation, either 40DAS (pre-
flowering) or 60DAS (post-flowering), which affects growth, 
photosynthetic and biochemical characteristics, N assimilation 
and crop productivity maximally. 
2. To study the effect of defoliation at the suitable plant growth 
stage along with soil-applied N fertilization rate on plant 
characteristics. 
3. To study the effect of defoliation at the suitable plant growth 
stage of plants treated with soil-applied N as single basal 
application or split applications at different stages of plant growth 
on plant characteristics. 
The success of the objectives was tested by measuring plant 
characteristics (detailed in Chapter 'Material and Methods'), like 
growth, photosynthetic and biochemical characteristics, N assimilation, 
ethylene biosynthesis and yield characteristics. The results noted have 
been detailed in the Chapter 'Results'. In the following pages the results 
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have been discussed with support from earlier work and possible 
explanations for the obtained results have been put. 
5.2 Growth Characteristics 
Experiment 1 was the comparison of stage of defoliation. 
Defoliation at 40DAS proved more effective than 60DAS in enhancing 
plant characteristics studied (Tables 9-14). The higher growth 
characteristics observed in plants defoliated at 40DAS in comparison to 
the no-defoliation control or defoliation at 60DAS was expected as 
40DAS refers to pre-flowering growth stage and active in metabolic 
activity, while 60DAS is post-flowering growth stage and regrowth 
ability of plant is reduced. Immediately after defoliation plants 
compensated for the losses caused due to defoliation, which was 
achieved by the emergence of new younger leaves that were 
photosynthetically more efficient. The defoliation treatment at 40DAS 
caused emergence of new leaves on the upper axis and with faster 
growth rate increased total leaf area by 11.9 and 10.3% at 80 and 
lOODAS, respectively (Table 9). These plants showed higher 
assimilatory capacity, which was evident from increased specific leaf 
mass and plant dry mass (Figure 5). Increased dry mass distribution in 
leaves and specific leaf mass in plants defoliated at 40DAS reflected the 
superiority of defoliation at this stage. Although, the other stage of 
defoliation, 60DAS also proved effective in enhancing the growth 
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Figure 5: Per cent increase in leaf number, leaf area and plant drv' mass of mustard 
{Brassica Juncea L.) due to defoliation of at 40d after sowing (DAS) or 60DAS 
over no defoliation control at 80 and lOODAS. 
characteristics in comparison to the control but was less effective 
compared to defoliation at 40DAS (Tables 9-14). 
Marriott and Haystead (1990) have reported that defoliation upto 
45-50% of leaf number increased the rates of leaf emergence and the 
development of young leaves to maturity. Regrowth of the young leaves 
has been attributed to the stubble carbohydrate content and soil moisture 
content (Davidson and Milthorpe, 1966; Hoshino and Oizumi, 1968; 
Klubertanz et al., 1996). The defoliated plants put demand for 
assimilates for regrowth, which was balanced by the increased 
assimilatory capacity and greater inputs of available N and efficient use 
of light by the young growing leaves (discussed in later sections). This 
led to the enhancement in the photoassimilates synthesis in leaf 
increasing leaf and plant dry masses. 
Experiments 2 and 3 were conducted to study the effects of 
defoliation of 50% lower leaves at 40DAS (as proved best in Experiment 
1) together with N fertilization rate as single soil application or in split 
doses. Since 150kg N/ha proved best for most of the characteristics 
studied in Experiment 2, the other step was to study the effect of 
defoliation together with N application rate either beyond 150kg N/ha or 
apply 150kg N/ha in split applications. The latter option was selected to 
proceed with the study on the effect of defoliation together with split 
application of N to find suitable package for N application that results in 
no 
increased biomass accumulation and seed yield with maximum 
exploitation of applied N. Therefore, the option of applying N beyond 
150kg N/ha was not considered. In Experiment 3, N was given as a 
single dose of 150kg N/ha at the time of sowing (BN150) or 100kg N/ha 
at the time of sowing and 50kg N/ha at 40DAS [BN100+N50(40d)] or 
60DAS [BN100+N50(60d)] or 75kg N/ha at the time of sowing and 
remaining 75kg N/ha at 40DAS [BN75+N75(40d)] or 60DAS 
[BN75+N75(60d)]. The set up of the treatments has been described in 
the Chapter 'Material and Methods'. 
Application of N to plants that received defoliation treatment 
significantly affected growth characteristics studied. The soil-applied N 
at 150kg/ha proved best in Experiment 2 (Tables 26-36), while split 
application of N as BN100+N50(60d) proved superior to any other N 
treatments in Experiment 3 (Tables 57-67). At 80 and lOODAS sampling 
times a decisive pattern of increase in leaf number, leaf area and plant 
dry mass was found in defoliated plants treated with BN100+N50(60d) 
(Figure 6). 
Leaf formation is the essence of plant growth, structure of the leaf 
canopy determines the light absorption by the individual leaves within a 
plant. It has been shown that leaves of partially defoliated plants have 
higher assimilatory capacity due to their higher capacities to intercept 
photosynthetically active radiation and shift in the physiological 
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Figure 6: Per cent increase in leaf number, leaf area and plant dry mass of mustard 
(Brassica juncea L.) due to defoliation at 40d after sowing (DAS) and treated 
with soil-applied BN100+N50(60d) over no defoliation plants treated with soil-
applied BN150 or no defoliation plants treated with soil-^plied 
BN100+N50(60d) at 80 and 1 CODAS. 
activities to higher level (McNaughton, 1979a; Nowak and Caldwell, 
1984). The emergence of new leaves has been shown to have greater 
efficiency for CO2 assimilation (Alderfer and Eagles, 1976; Caemmerer 
and Farquhar, 1984; Khan et al., 2002a, b). Goulas et al. (2002) 
suggested that regrowth ability in terms of developing new leaves after 
defoliation depends upon the potential of mobilization of C and N 
reserves. Several other workers supported the view that mobilization of 
N reserves is a pre-requisite for shoot regrowth in many plant species 
such as Lollum perenne (Ourry el al., 1988; 1996), Bromus mollis 
(Phillips et al., 1983), Medicago sativa (Kim et al., 1991; 1993) and 
Trifolium suhterranum (Culvenor and Simpson, 1991). Analogous to the 
remobilization of N, C compounds are also remobilized after defoliation 
to support the leaf growth (Ourry et al., 1988; Thornton et al., 1993; 
1994; Thornton and Millard, 1996). Thus the rate of regrowth following 
defoliation is dependent on both C and N reserves. N being an important 
constituent of cell metabolites and enzymes (particularly of CO2 
assimilation) is required in ample amount to sustain growth after 
defoliation. Therefore, any change in source-sink relationships is 
considered as dependent on N reserve accumulation. Bouchart et al. 
(1998) and Goulas et al. (2002) emphasized the importance of 
endogenous N to sustain growth after defoliation, which helped the 
plants to recover photosynthesis and develop new leaves rapidly. My 
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work has also shown maximal increase in plant N and C concentrations 
with defoliation at 40DAS (Experiment 1) and with defoliation and N 
inputs (Experiments 2 and 3) 
The impact of N supply on leaf growth has also been associated 
with an increase in cell growth due to the increase in cell water status 
(Radin and Parker, 1979; Radin and Ackersen, 1981; Radin et ai, 1982). 
This was due to greater influx of N and water through roots to 
compensate the demand of growing shoot after defoliation. The after 
effects of defoliation resulted in increased allocation of biomass to 
leaves (Table 61). The present report finds support from the observation 
of Hilbert et al. (1981), N4cPherson and Williams (1998) who found 
increased leaf life span and remobilization of stored carbohydrates for 
regrowth. On the similar lines, Ehara et al. (1967), Sheard (1973), Ourry 
et al. (1988) and Gonzalez et al. (1989) emphasized that during 
regrowth N compounds and soluble sugars of roots and stubble are 
mobilized to new growing leaves, which increased growth of plants. The 
aspects of N assimilation, carbohydrate and protein concentration in the 
present study are discussed in the section 'N Assimilation' and 
'Biochemical Characteristics'. 
Enhanced leaf elongation is one of the major mechanisms leading 
to compensatory growth (McNaughton el al., 1983). The increase in leaf 
area of plants and canopies is brought about by a large effect of N 
ir^ 
supply on the expansion of individual leaves and on branching or 
tillering in grasses (Gastal and Lemaire, 1988; Trapani and Hall, 1996; 
Taylor et al., 1993; Vos and Beimond, 1992; Vos et al., 1996). N supply 
affects the cell division and cell expansion in growing leaves and 
stimulates cell production rate (Gastal and Lemaire, 2002). The 
mechanisms of cell expansion could be the role of enzymes that cleave 
matrix polymers (Inouhe and Nevins, 1991; Smith and Fry, 1991) and 
proteins which facilitate cell expansion (McQueen-Mason et al., 1992). 
The point at which N affects cell expansion may be specific by affecting 
the turnover or activity of enzymes or proteins controlling cell 
expansion which is analogous to the specific effects of nitrate in the 
regulation of nitrate reductase (Shaner and Boyer, 1976; Barbar, 1990; 
Palmer et al., 1996; Lawlor et al., 2001). 
Biomass production is expressed as net carbon gain and is 
governed essentially by the relative rates of input (photosynthesis) and 
output (respiration) (Foyer et al., 1995). Defoliation and N application 
substantially enhanced the leaf and plant biomass in Experiment 2 and 
Experiment 3 (Tables 10-11, 60-61). Increase in biomass accumulation 
is attributed to the increased CO2 assimilation due to higher rates of 
photosynthesis by younger leaves. A model representing biomass and 
seed production following defoliation is presented in Figure 7. Khan 
(2002) reported the increase in biomass accumulation was due to the 
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Figure 7: Model showing biomass and seed production following defoliation. 
increased activities of carbonic anhydrase and RuBP carboxlyase. In the 
present investigation increased photosynthetic CO2 assimilation in 
defoliated plants led to enhanced plant and leaf dry masses and specific 
leaf mass. The increased leaf dry mass accumulation was reflected in 
enhanced plant dry mass of defoliated plants grown with supplemental N 
application. The increase in leaf area ratio as reported Oesterheld and 
McNaughton (1991) and Trumble et al. (1993) was due to increased 
activation of dormant buds and increased allocation of new leaf 
production. Boot et al. (1992) suggested that leaf mass ratio increased 
with the increase in plant N concentration. Faster growth rate has been 
reported to be controlled by the concentration of N within the plant 
irrespective of the rate of N recycled between tissues (Agren, 1985; 
Burns et al, 1997; Walker et al., 2001). 
Gold and Caldwell (1990) and Anten and Ackerly (2001) reported 
an increase in light interception into the crop canopy increased nutrient 
availability due to defoliation, which led to increased photosynthetic 
rate and unit leaf rate. The increase in unit leaf rate with defoliation has 
been shown to contribute more to compensate for the losses in growth 
(.Anten el al., 2003). Thus, the physiological changes that are related to 
enhancement of unit leaf rate, such as increase in leaf photosynthesis, 
tend to be the most important factor for compensation in growth and 
final dr>' mass of the plant. Saitoh et al. (2001) suggested that the higher 
unit leaf rate in defoliated plants indicated the excess supply of 
assimilates from leaves to other organs for development. These 
phenomena acting together enhanced plant dry mass in defoliation and N 
treatment in the present study. 
5.3 Photosynthetic Characteristics 
Photosynthesis is one of the most highly integrated and regulated 
metabolic processes to maximize the use of available light, to minimize 
the damaging effects of excess light and to optimize the use of limiting 
C and N resources (Paul and Foyer, 2001). Thus, photosynthesis in 
plants is a result of interaction among different factors like CO2 
concentration, temperature, light, chlorophyll content, water and 
nutrient availability. The ability of leaves to photosynthesize increases 
as they grow until they are fully expanded, then it begins to decrease 
gradually (Salisbury and Ross, 199^). Photosynthetic characteristics, 
like chlorophyll content, carbonic anhydrase activity, net photosynthetic 
rate, stomatal conductance and intrinsic water-use efficiency were 
significantly enhanced by the defoliation treatment. 
In Experiment 1 photosynthetic characteristics were found higher 
in plants defoliated at 40DAS (Tables 15-17). Early stage of leaf removal 
has proved beneficial for the plants as compared to leaf removal at later 
stage of development (60DAS). It may be emphasized here that early 
stage of leaf removal reduces the competition between the organs for 
16 
efficient utilization of light, water and nutrients. Moreover, younger 
leaves produced after defoliation were photosynthetically more active 
than those attained at later stages of plant cycle. Thus, higher increase in 
photosynthetic characteristics of plants defoliated at 40DAS was due to 
the fact that leaf growth following defoliation at earlier stages of growth 
had higher requirement of food reserves for growth and development. 
The plants defoliated at 40DAS showed enhanced efficiency and 
contributed significantly in CO2 assimilation. The corresponding 
changes in stomatal conductance, carbonic anhydrase activity and the 
stability of Cj/Ca ratio suggest that the changes in photosynthesis 
following defoliation were trigerred by altered stomatal and mesophyll 
processes. They plants defoliated at 40DAS showed increased 
carboxylation rate (carbonic anhydrase activity and intrinsic water-use 
efficiency) and thus photosynthetic rate (Figure 8) that contributed to 
the enhanced plant dry mass (Table 10). It is worth mentioning here that 
an average of PAR at top of plant was about 1050 fimol m"^  s'' and at 
the middle it was about 500 ^mol m"^  s ^ The leaves in lower layers 
received less than 500 ^mol m'^  s"' PAR (Plate IB). It has been 
suggested that leaves receiving less than 500 ^mol m"^  s"' PAR are less 
photosynthetically efficient (Nobel et al., 1993). Therefore, the leaves in 
lower layers remained below light compensation point. Their removal 
helped in the increase in efficiency of the upper leaves. This resulted in 
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Figure 8; Per cent increase in carixmic anhydrase activity, net photosynthetic rate 
and intrinsic water-use efficiency of mustard (Brassica juncea L.) due to 
defohation at 40d after sowing (DAS) or 60DAS over no defoliation control at 
80andlOODAS. 
increased photosynthetic characteristics following defoliation. It may be 
emphasized that canopy structure determines the microenvironment 
surrounding leaves, such as radiation flux density, air temperature, soil 
temperature, air vapour pressure, leaf temperature and leaf wetness 
duration (Ross, 1981; Nobel et al., 1993), and therefore has major 
influence on the exchange of mass and energy between plants and their 
environment. Moreover, crop photosynthesis depends on the distribution 
of PAR among layers but also on the amount absorbed by the canopy. 
Decrease of PAR down into a canopy is analogous to absorption of light 
by chlorophyll or other pigments in a solution, which is described by 
Beer's law (Nobel, 1991). In Experiment 2, these features were 
enhanced with the increase in N application given to defoliated plants 
and maximal effect of defoliation and 150kg N/ha were noted in 
Experiment 2 (Tables 37-42). The photosynthetic characteristics in 
Experiment 3 exhibited changes with the variation in N application time. 
Significantly higher values for the basal 100kg N/ha at the time of 
sowing and 50kg N/ha as top dressing at 60DAS (Tables 68-71, 73) was 
observed at 80 and lOODAS sampling times. Increased photosynthetic 
rate was associated with higher content of plant N in this treatment. In 
this treatment in addition to basal lOOkg N/ha an additional supply of 
50kg N/ha at 60DAS proved helpful in increasing photosynthetic 
characteristics, particularly carbonic anhydrase activity, net 
IS 
photosynthetic rate and intrinsic water-use efficiency (Figure 9) because 
of additional requirement of N at later stage of growth.. Together with 
this the other possibility is of accumulation of other cations (preferably 
potassium), which helped in maintaining the rate of photosynthesis by 
improving the relative water content of leaf through osmotic adjustment. 
In a study on mustard. Khan et al. (2000) reported that potassium 
accumulation increased with N supply, which caused increase in 
stomatal conductance, photosynthetic rate and dry mass accumulation. 
Anten and Ackerly (2001) reported that defoliation significantly 
increased the light available to the remaining leaves and new growing 
leaves. Increase in the light saturated rate of photosynthesis after 
defoliation has also been observed by other workers in many plant 
species (Nowak and Caldwell, 1984; Caemmerer and Farquhar, 1984; 
Senok et al., 1991; Ovaska et al., 1992; Bruening and Egli, 1999; Khan, 
2002; Khan et al., 2002a). Gold and Caldwell (1990) and Senock et al. 
(1991) reported that removing 50% or more of the leaf area of plants 
resulted in a considerable increase in the amount of direct radiation 
received by the remaining leaves. A positive correlation between 
photosynthetic capacity and N content of leaves has been reported 
because the enzymes and other thylakoid proteins account for the 
majority of the leaf N content (Makino et al., 1992; Evans, 1989). Evans 
and Terashima (1988) also confined the relation between N nutrition and 
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Figure 9: Per cent increase in carbonic anhydrase activity, net photosytithetic rate 
and intrinsic water-use efficiency of mustard {Brassica juncea L.) due to 
defoliation at 40d after sowing (DAS) and treated with soil-applied 
BN100+N50(60d) over no defoliation plants treated with soil-applied BN150 or 
no defoliation plants treated with soil-applied BN100+N50(60d) at 80 and 
lOODAS. 
N partitioning into various photosynthetic components and activities of 
enzymes. Nitrogen affects crop growth through its effect on leaf 
photosynthesis and on light interception via leaf growth and increased 
leaf area. Moreover, defoliated plans had higher N requirement than 
intact plants responded more positively to applied N. The activities of 
carbonic anhydrase and RuBP carboxylase have been found increased in 
mustard following defoliation (Khan, 2002). Carbonic anhydrase 
accelerates the reactions of bicarbonate dehydration, increases CO2 
concentration in the place of carboxylation and thus contributes to the 
effective work of RuBP carboxylase in the cell (Sultemeyer et al., 1993; 
Raven, 1995; Khan et al., 2004). Carbonic anhydrase is an important in 
many physiological functions that involve carboxylation or 
decarboxylation reactions (XinBin et al., 2001). The activity of carbonic 
anhydrase has been found strongly correlated with photosynthesis and 
dry mass of mustard (Khan, 1994, 2002). An increased allocation of leaf 
N due to N application in suitable package (basal 100kg N/ha at the time 
of sowing and 50kg N/ha at 60DAS) increased the photosynthetic 
characteristics. Increased allocation of N with increased N supply has 
been found to increase activities of carbonic anhydrase and RuBP 
carboxylase (Terashima and Evans, 1988; Burnell et al., 1990; Khan et 
al., 1996). Plants after defoliation required increased amount of N in 
compensatory mechanisms, which influenced enzymes of photosynthesis 
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and increased photosynthetic characteristics. Moreover, stomatal 
conductance upon defoliation increased and affected CO2 supply to the 
chloroplast increasing intrinsic water-use efficiency and carboxylation 
efficiency (Tables 42, 73). Thus, the plants managed for efficient 
compensatory mechanism utilizes light more efficiently for 
photosynthesis and plant dry mass accumulation. It is worth mentioning 
here that higher rate of photosynthesis of l.R. cultivar of rice, said to be 
'miracle rice', in comparison to other older cultivars was achieved by 
selection of cultivars with a canopy structure allowing more light to 
reach lower leaves. Thus, modification of canopy structure can 
substantially improve crop yield by its influence on light interception by 
plants (Beadle et al., 1985). 
5.4 N Assimilation 
Nitrogen assimilation is an important aspect is N acquisition for 
overall growth, physiology and development of plant. The primary 
concern for sustainable crop production is to improve use-efficiency of 
N because N applied to the crops seldom exceeds 50%. The remaining is 
unavailable due to several reasons including loss from soil by 
volatilization, denitrification, leaching or as surface runoff (Addiscott 
and Powlson, 1992; Recous et al., 1992; Snyder, 1996; Limaux et al., 
1999). The leaching and surface runoff of N causes economic loss as 
well as environmental degradation. In order to maximum use of applied 
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N and reduce environmental degradation, there is need to find out 
judicious N application package for maximum crop yield. N assimilation 
was monitored in terms of activities of enzymes; nitrate reductase, 
nitrite reductase and glutamine synthetase, and plant N concentration 
and content. It has been mentioned earlier that plants after defoliation 
required large amount of N to compensate growth. Activities of N 
assimilation enzymes; nitrate reductase, nitrite reductase, and glutamine 
synthetase and plant N content were found enhanced by defoliation 
(E.xperiment 1) and defoliation and N application in Experiments 2 and 
3. In Experiment 1, N assimilation was greatest in plants defoliated at 
40DAS. Emphasizing again the earlier point mentioned in the previous 
pages that defoliation at 40DAS enhanced growth and photosynthetic 
characteristics of plant, therefore, N assimilation was expected to 
increase in plants defoliated at 40DAS to cover up the requirement of 
plant for growth and photosynthesis. The composite leaf sample after 
defoliation showed enhanced nitrate reductase activity, a key enzyme in 
N assimilation and, therefore, N content of plants (Figure 10). In 
Experiment 2, soil-applied N at 150kg/ha gave maximum values and in 
Experiment 3 both enzymes and N accumulation showed a shift from 
single to split application of N at various growth stages. Maximum 
response in the nitrate reductase activity and N content was noted with 
basal 100kg N/ha at the time of sowing and 50kg N/ha as top dressing at 
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60DAS (Figure 11). This may be argued again that at initial stages of 
growth, firstly, soil-applied N is liable to losses by volatilization and 
leaching etc. because of irrigation required by the crop during that 
period and secondly increase in the requirement of crop during that 
stage. Therefore, application of N partly at 60DAS might have 
compensated for the losses and requirement of the crop at later stage of 
growth. 
Higher rates of N incorporation after defoliation led to increase in 
the activities of N assimilation enzymes. Plants requirements of higher 
N for its growing parts were met by increased nitrate reductase activity. 
Nitrate reductase is the rate-limiting enzyme in N assimilation and is 
closely related to the amount of N supplied to crops (Figures 10-11). 
Increased nitrate reductase activity with increasing levels of soil-applied 
N has been reported in the literature (Bergareche and Simon, 1988; 
Kathju el al., 1993; Vyas et al., 1995; Khan et al., 1996; Wang et al., 
2000). With the increase in nitrate reductase activity, the activities of 
nitrite reductase and glutamine synthetase were increased in ammonia 
assimilation process. Higher nitrate reductase activity has also been 
reported to be induced by light and presence of young leaves (Streit and 
Feller, 1982). After defoliation regrowth resorted formation and 
maintenance of young leaf and the increase in nitrate reductase activity 
might be due to increased illumination of regrowing leaves and 
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Figure 10: Per cent increase in nitrate reductase activity and N content of mustard 
{Brassica juncea L.) due to defoliation 40d after sowing (DAS) or 60DAS over 
no defoliation control at 80 and lOODAS. 
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Figure 11: Per cent increase in nitrate reductase activity and N content of mustard 
(Brassica juncea L.) due to defoliation at 40d after sowing (DAS) and treated 
with soil-applied BN100+N50(60d) over no defoliation plants treated with soil-
applied BN150 or no defoliation plants treated with soil-applied 
BN100+N50(60d) at 80 and 1 CODAS. 
restoration of the young leaf population. The fluctuations in nitrate 
reductase activity during sampling times were related to the capacity for 
C assimilation and the nitrate availability. Higher activities of enzymes 
in defoliated and N treated plants were maintained by the enhanced 
supply of energy and photosynthates. The author has attempted to 
present this in a model (Figure 12) showing assimilation of nitrate with 
the aid of NADPH2. Thus, the present study indicated that both 
defoliation and N fertilization promoted the pathway of C and N 
assimilation. The observations supported the view that modifications in 
source-sink relationships are considered as the prominent factors in N 
assimilation. The activities of enzymes for N assimilation in response to 
defoliation and split N application have not been reported earlier. The 
author claims to have reported this for the first time. 
5.5 Biochemical Characteristics 
The concentrations of carbon, protein and carbohydrate together 
with C/N ratio were higher in defoliated plants as compared to no-
defoliation control. The biochemical characteristics were higher in 
plants defoliated at 40DAS in Experiment 1. With increasing levels of N 
in Experiment 2, the biochemical characteristics increased, the maximal 
effect being with 150kg N/ha. In Experiment 3, the characteristics 
showed fluctuations with N application. At earlier stages of growth the 
concentrations of carbon, protein and carbohydrate varied with different 
CHLOROPLAST 
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Figure 12. A simplified scheme showing reduction of nitrate through 
chloroplast and mitochondria. 
levels of N application. However, at 80 and lOODAS sampling times a 
decisive effect of increase in the characteristics in defoliated plants 
grown with a basal 100kg N/ha at the time of sowing and 50kg N/ha as 
top dressing at 60DAS was noted. Lauriere et al. (1981) reported that 
removal of foliar tissues affected the enzymes involved in protein and 
carbohydrate metabolism. Aslam and Huffaker (1984) and Aslam and 
Oaks (1975) have reported relationships between carbohydrate levels 
and capacities of leaf nitrate. 
Carbohydrate metabolism is governed by source-sink 
relationships. The photosynthetically active leaf (source) provides 
assimilated carbon that is available for transport to the storage organ, a 
developing flower or fruit (sink), which utilizes assimilates. Upon 
respiration of photoassimilates cytoplasm and cellular structure are build 
or photoassimilates are stored as starch and other carbohydrates 
(Hopkins, 1995). Earlier Davidson and Milthorpe (1966) suggested that 
the soluble carbohydrate formed part of a labile pool, which was used in 
respiration and for providing substrates for new growth. It may thus be 
said that manipulating the source-sink relationship by defoliation leads 
to an increase in the carbon assimilation and thus increases the 
carbohydrate concentration. To benefit a plant, the carbon gain by a leaf 
must exceed the carbon costs of its construction, maintenance and 
protection. 
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The role of N is intimately connected to the C assimilation in 
photosynthesis (Lawlor, 2002). In photosynthesis physical energy of 
photons is converted into chemical energy and reduced metabolic 
intermediates, which are used in the synthesis of C and N assimilates 
like carbohydrates and amino acids (Foyer et al., 2001). Increase in the 
photosynthetic capacity of plant after defoliation was possibly 
responsible for the enhancement of C/N ratio with an adequate N supply. 
5.6 Ethylene Biosynthesis 
Higher activity of ACC synthase and ethylene evolution was 
recorded in plants defoliated at 40DAS in comparison with those 
defoliated at 60DAS (Figure 13). The increased activity of ACC 
synthase and ethylene evolution may be attributed to the emergence of 
more new leaves at 40DAS than at 60DAS. The younger leaves produce 
more ethylene than older leaves because of higher concentrations of 
auxins present in them (Abeles et al., 1992; Morgan et al., 1980; Khan 
et al., 2002a). 
Like other morphological and physiological features, ACC 
synthase activity and ethylene evolution were also found affected by 
defoliation. In Experiment 2, both ACC synthase activity and ethylene 
evolution were higher in plants treated with 150kg N/ha. Likewise, in 
Experiment 3, ACC synthase activity and ethylene evolution showed 
fluctuation with the rate and timing of N application but at 80 and 
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Figure 13: Per cent increase in ACC synthase activity and ethylene evolution of 
mustard (Brassica juncea L.) due to defohation 40d after sowing (DAS) or 
60DAS over no defoliation control at 80 and lOODAS. 
lOODAS sampling times, a definite increasing responses were found in 
defoliated plants treated with a basal dose of 100kg N/ha and 50kg N/ha 
as top dressing at 60DAS (Figure 14). The increase in ethylene 
biosynthesis may be attributed to the formation of new leaves (Ivenish 
and Kreicberg, 1992; Kieber et al., 1993; Rodrigues-Pousada et al., 
1993) after defoliation and the production of phenols and hydrogen 
peroxide as protection mechanism (Singh et al., 1987; Krishnamoorthy, 
1993), which increased ethylene biosynthesis in response to defoliation. 
Moreover, N application resulted in enhanced ethylene evolution, which 
is reported to increase by ammonia accumulation (Corey ei al., 1987; 
Arshad and Frenkenberger, 1991) and can be induced by urea 
fertilization (Barker and Corey, 1990). Availability of N leads to tissue 
ammonia accumulation and increased ethylene formation (Feng and 
Barker, 1992; 1993). However, ethylene biosynthesis (ACC synthase 
activity and ethylene evolution) in response to defoliation is presented 
for the first time in this thesis. 
5.7 Yield Characteristics 
Yield of a crop is the function of the production of assimilate by 
photosynthesis, translocation of assimilate to sinks and utilization of 
assimilates by the developing seed to produce the storage materials that 
give the seed its economic value (Egli et al., 1989). Thus, seed yield 
potential refers to the mass efficiency of plants to produce seeds at 
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Figure 14: Per cent increase in ACC synthase activit}' and ethylene evolution of 
mustard {Brassica Juncea L.) due to defoliation at 40d after sowing (DAS) and 
treated with soil-applied BN100+N50(60d) over no defoliation plants treated 
with soil-applied BN150 or no defoliation plants treated with soil-applied 
BN100+N50(60d) at 80 and lOODAS. 
maturity. In Experiment 1, 2 and 3, the maximal response of the plants 
to a treatment was reflected in maximum yield characteristics. 
Defoliation at 40DAS enhanced yield characteristics maximally, 
whereas the other defoliation stage (60DAS) proved less effective. The 
increase in pod number, seed number, 1000 seed weight and seed yield 
due to defoliation at 40DAS is presented in Figure 15. It has been 
reported that the assimilation requirement of an individual seed plays an 
important role in determining total seed number because the total 
assimilate requirement of all the seeds on the plant must be in balance 
with the available assimilation supply (Charles-Edwards et al., 1986). 
The reduction in seed yield on defoliating at 60DAS may be attributed 
to lower number of pods per plant, seed number and 1000 seed weight at 
this stage of defoliation. The stage of defoliation coincided with the 
start of pod setting and requirement for C and N was high but not 
available to the developing seeds for the reasons explained in the section 
'Photosynthetic Characteristics'. The work of Tayo and Morgan (1979) 
and Pecham and Morgan (1985) also showed reduction in number of 
pods and seed yield of Brassica napus due to leaf removal at anthesis, 
which was attributed to the reduction in C assimilation. Lesser seed 
weight in plants defoliated at 60DAS confirmed the inadequate supply 
of assimilates to the individual seed (Table 23). Raut and Ali (1986) 
also reported a decrease in seed yield on defoliating mustard at 60DAS, 
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Figure 15: Per cent increase in pod number, seed numba, 1000 seed weight and seed 
yield of mustard {Brassica juncea L.) due to defoliation at 40d after sowing 
(DAS) or 60DAS over no defoliation control. 
but they did not test other stages of defoliation. 
The results of Experiment 1 suggested that defoliation at pre-
flowering stage (40DAS) played a substantial role in increasing seed 
yield. The work of Becker et al. (1997a, b) also supports my findings 
that defoliation at pre-flowering stage is important in increasing plant 
dry mass and seed yield. Moreover, Ockerby et al. (2001) reported 
reduced leaf area, plant dry mass and yield when the defoliation was 
done at anthesis. Index of relationship showed that there is concomitant 
increase in growth, photosynthesis and yield (Figure 16). It may be said 
that the stage of plant growth is important in the manipulation of source-
sink relationship. 
In Experiments 2 and 3, seed yield was enhanced by defoliation 
and N application. In Experiment 2 the yield characteristics were 
increased with the increase in the levels of N upto 150kg N/ha. It was 
found that N applied in split doses proved more beneficial to plants after 
defoliation in terms of enhancing yield characteristics than single basal 
N application or split N application to no defoliation plants. Pod number 
per plant, seeds per pod, 1000 seed weight, seed yield and biological 
yield in Experiment 3 were higher in defoliated plants treated with a 
basal dose of 100kg N/ha and 50kg N/ha as top dressing at 60DAS. 
Increased seed yield was due to the higher per cent increase in pod 
number and seed weight in defoliated plants (Figure 17). The size of N 
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Figure 16; Index of relationships among leaf area, plant dry mass, net photosynthetic 
rate and seed yield of mustard {Brassica juncea L.) after defoliation at 40d after 
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Figure 17: Per cent increase in pod number, seed number, 1000 seed weight and seed 
yield of mustard {Brassica juncea L.) due to defoliation at 40d after sowing 
(DAS) and treated with soil-applied BN10O+N50(60d) over no defoliation plants 
treated with soil-applied BN150 or no defoliation plants treated with soil-applied 
BN10(KN50(60d) at 80 and lOODAS. 
pools in the vegetative parts determines seed set, seed growth and 
finally seed yield (Marschner, 1995). Additional application of N at the 
post-flowering (60DAS) proved best in Experiment 3 as it met the N 
requirement for seed set, which increased seed yield. The assimilate 
availability plays an important role in determining the seed yield as the 
massive N remobilization takes place from the vegetative parts to 
provide N to the growing seeds (Schjoerring et al., 1995). For crops, 
yield is usually defined by the dry mass assimilation of those plant 
organs for which they are cultivated and harvested (Barnett and Pearce, 
1983). Thus, dry mass partitioning is of much importance rather than dry 
mass assimilation (Marschner, 1995). In the present investigation higher 
plant dry mass produced in defoliation and N treatment efficiently 
translocated to the seeds and increased yield characteristics and 
enhanced seed yield. Index of relationships among leaf area, plant dry 
mass, net photosynthetic rate and seed yield for Experiments 3 also 
showed that the treatment, BN100+N50(60d) in which leaf area, 
photosynthetic rate and plant dry mass were maximum, seed yield was 
also maximum in the same treatment (Figure 18). This supported the 
argument that greater regrowth followed utilization of soil N more 
efficiently and enhanced dry mass and finally seed yield (Figure 7). 
Also the fulfillment of N requirement at later stage of growth (60DAS) 
as addition of 50kg N/ha proved much helpful in enhancing N 
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assimilation, photosynthetic rate and plant dry mass. The efficient 
partitioning of photoassimilates helped in the increase in yield in this 
treatment. The similar conclusion was drawn when index of 
relationships among nitrate reductase activity, plant N content, net 
photosynthetic rate and plant dry mass were established (Figure 19). 
Bruening and Egli (2000) also reported in Glycine max that the increase 
in pod number and seed number after defoliation was due to greater 
availability of assimilates during vegetative growth. Similar conclusion 
was also drawn in my laboratory while working on Brassica juncea 
(Khan and Ahsan, 2000; Khan et al., 2002a, b; Khan, 2003). However, 
no reports are available on the effect of defoliation together with split N 
application. 
5.8 Control of Growth and Physiology of Plants 
Among several intrinsic and extrinsic factors that control; growth 
and physiology of plants plant hormone ethylene has prominent role to 
play. Its involvement in the context of present study is more relevant 
because defoliation may be controlled by plant hormones. Plants have 
evolved towards the capacity of making each cell component for the 
activities of defense responses, which largely depend on activation of 
specific enzymes. The wound activated responses are directed to healing 
of the damaged tissues and to the activation of defense mechanisms that 
prevent further damage. The induction of wound responses requires the 
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simultaneous action of different signals (Leon et ai, 2001). 
Phytohormones play essential role in integrating many aspects of plant 
development and response to environment. Regulation of hormonally-
controlled events can occur at the level of biosynthesis, catabolism or 
perception (Trewaas, 1983; Bradford and Trewaas, 1994). In response to 
mechanical injury, plants produce ethylene by activating transcription of 
the corresponding biosynthetic genes (Liu et al., 1993; Bouquin et al., 
1997). 
Ethylene despite its simple two-carbon structure is a potential 
modulator of growth and development (Abeles et al., 1992; Kieber and 
Ecker, 1993; Kieber et al., 1993; Ecker, 1995; Smalle and Van der 
Straeten, 1997). It is a simple, readily diffusible hormone with an 
important role in integrating developmental signals and responses to 
external stimuli (Ciardi and Klee, 2001). The production of ethylene is 
tightly regulated by internal signals during development and in response 
to external environmental stimuli. 
Neither all plants respond to ethylene in the similar fashion nor 
are they equally sensitive to this phytohormone. For example, higher 
concentration of ethylene is required to inhibit stem elongation in 
monocotyledons than dicotyledons (Abeles et al., 1992), while exposure 
to ethylene stimulates the growth of other plants, like rice (Raskin and 
Kende, 1984). Similarly, the response of tissue to ethylene is dictated by 
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the concentration to which they are exposed. In the control of growth, 
ethylene is found to promote the reorientation of cortical microtubules, 
thereby possibly controlling elongation (Shibaoka, 1994). Moreover, a 
role of ethylene has been suggested in regulating the expression of cell 
wall peroxidase involved in the control of wall extensibility and cell 
growth (Ridge and Osborne, 1971). Regulating the level of peroxidase 
activity by suitable concentration of ethylene influenced the direction of 
growth of active tissues and organs. The role of ethylene during leaf 
development has been investigated physiologically using ethylene 
inhibitors, genetically using several ethylene insensitive mutants such as 
ETRl, ER, EIN2 and EIN3 or transgenic plants that do not express the 
key enzymes of ethylene biosynthesis. All these approach showed that 
blocking ethylene biosynthesis or action could delay leaf development 
(Chao et al., 1997; Oh et al., 1999). An increase in leaf expansion has 
been observed in Arabidopsis and burst of ethylene was accompanied by 
an increased expression of ACC synthase gene 1, a gene suggested to be 
involved in the control of cell expansion (Rodrigues-Pousada et al., 
1993). It appears that induction of ethylene biosynthesis is associated 
with leaf emergence or in the control of cell expansion. This is also 
supported from the studies on ethylene-insensitive mutants, which have 
a large rosette than the wild type (Ecker, 1995) resulting from cell 
enlargement (Hua et al., 1991). Lee and Reid (1997) found expansion in 
13: 
leaf area in sunflower with lower ethylene concentration. Ivenish and 
Kreicbergs (1992), in cereal seedlings, reported that leaf emergence is 
associated with a peak of ethylene evolution. 
Contradictory claims have been made on the effect of ethylene on 
photosynthesis with the use of ethylene-releasing compounds. An 
increase in the net photosynthetic rate (Grewal and Kolar, 1990; Grewal 
et al., 1993; Pua and Chi, 1993; Khan et al., 2000) or decrease (Kays 
and Pallas, 1980; Rajala and Peltonen-Sainio, 2001) has been reported 
with the use of ethylene. A correlation between ethylene-enhanced 
stomatal conductance and photosynthetic rate was found by Taylor and 
Gunderson (1986). High concentration of CO2 (>1 %) acts as antagonist 
of ethylene, but atmospheric CO2 concentration is needed for the con-
version of ACC oxidase to ethylene (Mattoo and White, 1991). 
According to these authors, CO2 could promote or inhibit ethylene 
evolution depending on its concentration in the tissue. Thus, there is an 
interrelation between ethylene and CO? metabolism, and ethylene 
evolution controls the growth of plants. Bassi and Spencer (1982) 
showed increase in ACC oxidase activity with an increase in CO2 
concentration. Dhawan ci al. (1981), Kao and Yang (1982), and 
Grodzinski e/ al. (1982a, b) also showed the inhibition of ethylene 
evolution resulting from a decrease in intercellular CO2 concentration 
and regulated photosynthesis. Similarly, Dong et al. (1992) showed 
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completely abolished ACC oxidase activity in the absence of CO2. ACC 
oxidase binds to Lys residue (Femandez-Maculet et al. 1993) and results 
in carbamate formation (Veverides and Dilley, 1994). With the increase 
in ACC oxidase activity ACC was converted to ethylene at enhanced 
rate and ACC synthase activity increased in the autocatalytic regulation 
of ethylene. Earlier, Khan (2004) showed strong correlation of ACC 
synthase activity with leaf area and photo synthetic rate of mustard. The 
level of ACC synthase activity governed the leaf area and 
photosynthetic rate in two cultivars of mustard. Following Table shows 
the genes affected by ethylene (Ferrante and Francini, 2004): 
Gene 
SPG31 
pSENB 
pSEN4 
CHLasel 
SARK 
CAB 
ELIP 
Putative Function 
Cysteine 
proteinase 
Polyubiquitins; 
Endoxyloglucan 
transferase 
Chlorophyllase 
Senescence-
associated 
receptor-like 
kinase 
Light-harvesting 
chlorophyll a/b-
binding protein 
Early light-
induced protein 
Putative Role 
Proteolysis and 
nitrogen 
remobilization 
Protein turnover 
Cell wall 
degradation 
Chlorophyll 
degradation 
Signal 
transduction 
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In the context of present study it may be said that ethylene 
biosynthesis may be targeted for early removal of leaf that could cause 
leaf emergence efficient for higher photosynthesis, N assimilation and 
seed yield. One of unpublished studies of N. A. Khan needs to be 
emphasized here in which he found ethephon (ethylene-releasing 
compound) at 200^1/1 increased the overall growth of the plants in no-
defoliation treatment, which was equivalent to the defoliation plants 
treated with water-spray. Ethephon spray on defoliation plants proved 
inhibitory. The ethylene level in 200^1/1 ethephon treatment on no-
defoliated plants was equal to water-spray on defoliated plants. The 
results of this study showed that ethylene controls the growth of 
defoliated and no-defoliated plants. Therefore, it may be argued that any 
strategy that could change ethylene may help in early removal of shaded 
leaves and increase in growth, photosynthesis and assimilate balance. 
5.9 Conclusion 
From the overall study following conclusions may be drawn: 
1. Defoliation of 50% leaves on lower layers of mustard plant at 
40DAS increased plant dry mass and seed yield in comparison to 
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control due to compensatory regrowth capacity of the plant. 
2. A lesser increase in plant dry mass and seed yield occurred when 
defoliation of 50% leaves on lower layers of mustard was done at 
60DAS. 
3. Growth, photosynthetic, biochemical and yield characteristics 
were found higher in plants defoliated at 40DAS. 
4. Defoliation at 40DAS increased N assimilation maximally. 
5. Plants responded better to soil-applied N after defoliation. 
6. The amount and timing of N application after defoliation has an 
important influence in augmenting growth and productivity of 
crop. 
7. Single application of soil-applied N (150kg N/ha) proved inferior 
in comparison to split application of N to soil (100kg N/ha at the 
time of sowing and 50kg N/ha at 60DAS) in no defoliation and 
defoliation both. 
8. The quantum of increase in the characteristics with split N 
application of 100kg N/ha at the time of sowing and 50kg N/ha at 
60DAS was much higher than the similar split N application with 
no defoliation. 
9. Split N fertilization rate (100kg N/ha at the time of sowing and 
50kg N/ha at 60DAS) enhanced growth, photosynthetic, 
biochemical and yield characteristics maximally. 
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10. N assimilation increased maximally in plants treated with 100kg 
N/ha at the time of sowing and 50kg N/ha at 60DAS. 
11. The management of regrowth after defoliation was possibly 
brought about by the signals produced in plants as ethylene. 
12. The role of ethylene has been suggested in every aspect of plant 
growth and development, besides its involvement in producing 
signals to control abscission. It may be researched in future to 
correlate mechanical defoliation with abscission. 
13. Efforts should be focused on finding a strategy that causes early 
senescence of leaves on the lower layers. 
14. An ideotype that shed lower leaves at early stage of plant cycle may 
help in maximum use of soil-applied N and break the yield plateau 
in mustard. 
5.10 Future Research 
Defoliation in mustard {Brassica juncea) is an age-old practice. The 
leaves of the plants are in use for human consumption as a condiment and 
spices. The implications of defoliation on overall performance of the crop 
were not known. The study reported in the thesis shows that defoliation of 
50% leaves in the lower layers at early stage of plant growth (pre-
flowering stage) is beneficial for crop growth and productivity. Moreover, 
defoliated plants make efficient use of soil-applied N. The physiological 
phenomenon underlying the control of regrowth of plants after defoliation 
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was not known. However, the factors that control abscission in plants are 
well documented. The approach to link mechanical defoliation with 
abscission would be advantageous in the control of defoliation in mustard. 
The identification of molecule that provides signals for the defoliation 
would have an impact on the development of ideotype that losses lower 
leaves at early stage of development. In this regard it may be said that 
growth regulators are important messengers in deciphering the described 
results. For example, ethylene is a gaseous growth hormone involved in a 
diverse array of cellular developmental and stress-related processes in 
plants. Future studies that utilize modem technologies to answer age-old 
questions will provide valuable insights into the role of ethylene in the 
development of plant form. Ethylene-induced leaf abscission induces 
cellulolytic enzymes that break down cell walls in the abscission zone. 
Ethylene-induced abscission is associated with the expression of 
polygalacturonase and ends P-1, 4 glucan hydrolase in the vicinity of the 
distal abscission zone. Examination of the expression of the protein during 
the induction of defoliation in mustard would be an important aspect of 
study. Developing of antibodies against the protein might also help to 
answer the phenomenon underpin the defoliation in mustard. Examination 
of the processes in Arabidopsis in which there is a wealth of genetic, 
molecular and cellular tools available will be available for future advances 
in this area. 
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Funher, it may also not be ruled out that ethylene may not act as a 
single developmental switch setting a cascade in motion, but may act as 
inducer whose presence is required for long periods of time. Therefore, 
study of interaction of ethylene with other plant hormones may also lead to 
some fruitful conclusion. 
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Chapter - 6 
SUMMARY 
The present thesis Growth and Metabolism of Mustard 
{Brassica juncea) following Defoliation and Nitrogen Treatment 
comprises six chapters. 
In Chapter 1, the importance of the problem and justification for 
the study undertaken were emphasized. 
Chapter 2 is the review of literature. It deals with the relevant 
literature on the aspects of defoliation and nitrogen. The chapter has 
been divided in sections and sub-sections for better understanding of the 
results of other researchers in this field of study. 
Chapter 3 describes the details of the material used in the study 
and methodology adopted to determine various characteristics recorded 
in the three experiments. Relevant information on the experimental 
design, agro-climatic conditions, location of the study and 
environmental conditions during the data sampling times has been 
mentioned. 
Chapter 4 includes the results on crop responses to treatments in 
the three experiments. The results have been statistical analyzed and 
significance at /*<0.05 was determined. The treatment means have been 
separated by the calculation of Least Significant Difference. The results 
found significant have been given in this chapter. 
In Chapter 5, significant results have been discussed in the light 
of observations recorded and supported with the earlier findings, if 
available on the subject. Possible explanations of the data obtained have 
also been included to reach a conclusion. 
The results of the experiments are summarized below: 
Experiment 1 (2000-2001) was conducted to assess the effects of 
removal of 50% leaves on lower layers of mustard {Brassica juncea L.) 
plant axis either at 40 (pre-flowering stage) or 60 (post-flowering stage) 
DAS on growth, photosynthetic and biochemical characteristics, N 
assimilation, ethylene biosynthesis at 40 (pre-flowering), 60 (post-
flowering), 80 (pod-fill) and 100 (pod-maturity) DAS. Yield 
characteristics were determined at 120 (harvest) DAS. The design of the 
experiment was randomized block design. Growth characteristics were: 
leaf number per plant, leaf area per plant, fresh and dry masses per 
plant, distribution of dry mass in leaf, stem and pod, leaf mass ratio, 
stem mass ratio, leaf area ratio, crop growth rate, relative growth rate 
and unit leaf rate. Photosynthetic characteristics were: chlorophyll 
content, carbonic anhydrase activity, net photosynthetic rate, stomatal 
conductance, intercellular CO2 concentration and intrinsic water-use 
efficiency. N assimilation was assessed in terms of the activities of 
nitrate reductase, nitrite reductase and glutamine synthetase, 
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concentration and content of N. Biochemical characteristics were: Plant 
carbon, carbohydrate and protein concentrations and carbon: nitrogen 
ratio. ACC synthase activity and ethylene evolution were noted for 
ethylene biosynthesis. At harvest, yield characteristics were: pod 
number per plant, seed number per pod, 1000 seed weight, seed yield, 
biological yield and harvest index. 
Defoliation at 40DAS was found superior than 60DAS time of 
defoliation or no defoliation control, and enhanced the characteristics 
maximally. The number of leaves and leaf area increased following 
defoliation, maximum being with 40DAS time of defoliation because of 
emergence of new leaves on the upper axis of the plant. The plants 
defoliated at 60DAS showed lesser increase in leaf number. Thus, the 
increase in photosynthesizing surface area of high photosynthetic 
capacity young leaves led to increase in carboxylation rate (carbonic 
anhydrase activity and intrinsic water-use efficiency). This resulted in 
increased plant dr>' mass. The other effects were manifestation of more 
N assimilation due to increased demand of young leaves enhancing 
photosynthetic rate. The growth of leaves was found associated with a 
optimal ethylene requirement, which was fulfilled by the activity of 
ACC synthase activity. The greatest beneficial effects of defoliation at 
40DAS over 60DAS or no defoliation were due to improved source-sink 
relationship, as seen in increase in per cent pod dry mass and seed yield 
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in plants defoliated at 40DAS. The defoliation at 60DAS also improved 
the characteristics but to a lesser degree than defoliation at 40DAS. 
Experiment 2 (2001-2002) was conducted based on the findings of 
Experiment 1. The aim of the experiment was to study the effect of 
defoliation of 50% leaves on lower layers at 40DAS (based on the 
findings of Experiment 1) in mustard {Brassica juncea L.) plants treated 
with soil-applied 0, 60, 100 and 150kg N/ha on the plant characteristics 
at the sampling times similar to that described for Experiment 1. The 
design of the experiment was randomized block design. 
The defoliated plants treated with 150kg N/ha registered 
significantly superior values compared to any other N application rate. 
Growth, photosynthetic and biochemical characteristics, N assimilation, 
ethylene biosynthesis and yield characteristics were maximal when the 
defoliation was done and plants received 150kg N/ha. N application at 
150kg N/ha met the plants requirement after defoliation to grow faster 
and assimilate N at increased rates and enhance the characteristics 
maximally. Any other N application rate did not suffice the plants 
requirement to grow after defoliation and, therefore, was not as effective 
as 150kg N/ha in increasing the plant characteristics. The overall good 
performance of defoliated plants treated with 150kg N/ha in growth and 
photosynthetic characteristics, N assimilation and improved sink 
capacity led to increase in seed yield. 
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Experiment 3 (2002-2003) was conducted to assess the effects of 
defoliation of 50% lower leaves on mustard {Brassica jimcea L.) plants 
treated with N as single or split doses. Nitrogen was applied as single 
dose of 150kg N/ha or this was split in two doses, i.e. 100kg N at the 
time of sowing and 50kg N/ha as top dressing at 40DAS 
[BN100+N50(40d)] or 60DAS [BN100+N50(60d)]; 75kg N/ha at the 
time of sowing and 75kg N/ha as top dressing at 40DAS 
(BN75+N75(40d)] or 60DAS [BN75+N75(60d)]. The design of the 
experiment, determinations and sampling times were similar as in earlier 
experiments. N application in split dose of 150kg N/ha as 100kg N/ha at 
the time of sowing and 50kg N/ha at 60DAS [BN100+N50(60d)] proved 
superior over single N application or any other N rate applied as split 
dose at 40 or 60DAS. N applied as [BN100+N50(60d)] to defoliated 
plants increased growth, photosynthetic and biochemical characteristics, 
N assimilation maximally that led to maximal increase in seed yield. 
The maximal response of defoliated plants to supplemental soil N 
treatment at 50kg N/ha at 60DAS was due to the fact that at post-
flowering stage (60DAS) plants require an additional N for the sink 
strength and increased plant metabolism. It also avoided loss of N 
through leaching and volatilization processes that may occur if the N 
was given at 40DAS because this is the time of irrigation in mustard. 
Plants treated with one-time N (150kg N/ha) at the time of sowing did 
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not utilize N beyond its requirement and, therefore, N possibly remain in 
the soil and might have lost. Similarly, split doses of N (100kg N/ha at 
the time of sowing and 50kg N/ha at 40DAS or 75kg N/ha at the time of 
sowing and 75kg N/ha at 40 or 60DAS) also proved ineffective in 
producing maximum effects. 
Defoliation and N application significantly affected yield 
characteristics. Number of pods per plant, number of seeds per pod, 
1000-seed weight, seed yield, biological yield and harvest index were 
found greatest in defoliated plants treated with BN100+N50 (60d). 
The present chapter is followed by an up-to-date bibliography of 
the literature cited in the text. 
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